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ABSTRACT 

Aprotic electrolytes with and without dissolved cupric fluoride and cupric chloride 
were studied. The electrolytes were based on four solvents: propylene carbonate, 
dimethyl formamide, acetonitrile, and methyl formate. Characterized components 
were used to prepare the solutions. Structural studies were performed utilizing nuclear 
magnetic resonance and electron paramagnetic resonance techniques. Various physical 
properties were determined including solubility, heat of solution, vapor pressure, 
viscosity, density, sonic velocity, conductance, diffusion coefficient, and dielectric 
constant. 
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SUMMARY 

Physical  p rope r ty  measurements and s t r u c t u r a l  s t u d i e s  were conduc’ted 

i n  the a p r o t i c  s o l v e n t s  propylene carbonate (PC), dimethyl formamide 

(DMF), a c e t o n i t r i l e  (AN),  and methyl formate (MF). 
studied w e r e  l i th ium perchlora te ,  l i thium chlor ide  w i t h  and without  A l C l  

added, tetramethylammonium hexaf luorophosphate, and l i t h ium hexaf luoro- 

a r sena te .  Copper f l u o r i d e  and copper chlor ide i n  s o l u t i o n  were i n v e s t i -  

gahed, represent ing  e l e c t r o a c t i v e  b a t t e r y  mater ia l s .  

Among the s o l u t e s  

3 

Character ised components were used t o  prepare s o l u t i o n s ,  

t i t r a t i o n ,  nuclear  magnetic reeonance, and vapor phase chromatography 

(VPC) w e r e  used t o  charac te r ize  the solvents ;  VPC was employed f o r  r o u t i n e  

a n a l y s i s  of d i s t i l l e d  so lven t  batches.  The water  conten t  of the so lvents  

used was nocmally 40 k20 ppm. 

mpesispeotrography were t h e  main methods used t o  analyze so lu t e s .  

Kar-1 Fischer  

Emission spectrography and spark source 

Nuclear magnetic resonance (NMEt) and e l e c t r o n  paramagnetsic resonance (EPB) 

techniques were used t o  determine spec ie s  i n  nonaqueous so lu t ions .  

LiC1, and tetramethylammonium hexaf luorophosphate (TMAePF ) formed uni- 

un iva len t  e l e c t r o l y t e  s o l u t i o n s  analogous t o  aqueous systems. S o l u t i o n s  

containing A l C l  w i t h  o r  without  LiCl added,were s tudied i n  d e t a i l ;  a 

tendency t o  form aluminum complexes was revealed,  and an order  of complexing 

s t r e n g t h  was es tab l i shed:  

LiC104, 

6 

3’ 

DMF > C 1 - >  (AN, PC, C104-) .  

S o l u t i o n s  of copper h a l i d e s  were examined using h igh  r e s o l u t i o n  NMR, 
broadl ine NMR, and EPR techniques.  

i n  DMF were s tudied i n  d e t a i l .  Observations over a period of months red 

vealed a r e d i s t r i b u t i o n  of cupr i c  spgcies  wi th  t i m e .  Addition of LiCl 
-2 

r e s u l t e d  i n  the formation of CuCl b u t  a complete d ispropor t iona t ion  4 
i n t o  Cu+* and CuC14 

systems were l i m i t e d  because of the low s o l u b i l i t i e s  of t h e  cupr i c  

compound s . 

Systems containing CuC12 and LiCl 
& 

-2 was n o t  observed. Measurements on o the r  cupric  



These s t r u c t u r a l  s t u d i e s  were complemented by H i t t o r f  experiments and 

conductometric t i t r a t i o n s .  Confirmation of t h e  NMEt and EPR r e s u l t s  w a s  

obtained. 

S o l u t e  s o l u b i l i t i e s  were measured i n  pure s o l v e n t s  and i n  se l ec t ed  e l e c t r o -  

lytes .  A very low s o l u b i l i t y  was exhib i ted  by LiF. The s o l u b i l i t y  of 

copper h a l i d e s  depended t o  a l a rge  e x t e n t  on t h e  anions p r e s e n t  i n  

so lu t ion .  

Conductance measurements were made and t h e  v a l u e s  ex t rapola ted  t o  i n f i n i t e  

d i l u t i o n  t o  y i e l d  ind iv idua l  ion  m o b i l i t i e s .  A low mobi l i ty  was found 

f o r  t h e  L i  i on ,  which was confirmed by t ransference  measurements i n  con- 

cent ra ted  s o l u t i o n s .  Ion m o b i l i t i e s  appeared t o  depend only on ion  s i z e  

and so lvent  v i s c o s i t y .  I n  concentrated s o l u t i o n s ,  a c t i v i t y  e f f e c t s  seem 

t o  be more pronounced than i n  aqueous s o l u t i o p s  because of r e l a t i v e l y  high 

s o l u t e  t o  so lvent  mole r a t i o s .  

+ 

Other phys ica l  p r o p e r t i e s  were determtned. They included h e a t  of solu- 

t i o n  whichwas measured using an IXB ca lor imeter ,  vapor pressure  whichwas 

determined by a s a t u r a t i o n  method, v i s c o s i t y ,  and dens i ty .  Compressibil- 

i t i e s  were ca lcu la ted  from sonic  v e l o c i t y  d a t a ,  b u t  an at tempt  t o  calcu- 

l a t e  s o l v a t i o n  numbers from such da ta  was n o t  success fu l .  Di f fus ion  co- 

e f f i c i e n t s  were determined w i t h  a porous d i s k  method. 

was used t o  determine d i e l e c t r i c  cons tan ts  of so lu t ions .  

A microwave method 

2 



INTRODUCTION 

Lithium b a t t e r i e s  have t h e  p o t e n t i a l  t o  d e l i v e r  t h e  high-energy dens i ty  

b e n e f i c i a l  i n  space and o ther  app l i ca t ions .  Use of nonaqueous, a p r o t i c  

e l e c t r o l y t e s  should provide t h e  necessary s t a b i l i t y  f o r  such systems. 

Inves t iga t ions  i n  the  f i e l d  of high-energy l i th ium b a t t e r i e s  have been 

published by groups working a t  t he  American Univers i ty ,  Bat te l le  Memorial 

I n s t i t u t e ,  E l e c t r i c  S torage  Ba t t e ry  Company, Electrochimica Corporation, 

Globe-Union, Inc. ,  HoneywellSs Livingston E lec t ron ic  Laboratory, Lockheed 

Missiles and Space Company, P. R. Mallory and Company, Inc . ,  Monsanto 

Research Corporation, Tyco Labora tor ies ,  Inc. ,  W V C O  Research and Develop- 

ment Divis ion of Whittaker Corporation, and elsewhere. 

During t h e  course of such inves t iga t ions ,  excessive performance l imi ta -  

t i o n s  f o r  l i th ium c e l l s  were encountered. The f a c t o r s  cont r ibu t ing  t o  

such l i m i t a t i o n s  a r e  only spar ingly  known. A comprehensive understanding 

was hampered by the  lack  of knowledge of the  p rope r t i e s  o r  c h a r a c t e r i s t i c s  

of nonaqueous e l e c t r o l y t e s .  S o l u b i l i t y ,  so lva t ion  e f f e c t s ,  and t r a n s p o r t  

p rope r t i e s  were not  w e l l  understood. Composition of t h e  e l e c t r o l y t e ,  and 

r e l a t i o n s h i p s  of t he  components o f  tk e l e c t r o l y t e  t o  each o t h e r  should 

be known f o r  an e f f e c t i v e  approach t o  f u r t h e r  develop l i t h ium b a t t e r i e s .  

The present  e f f o r t  t o  study the  p rope r t i e s  of nonaqueous, a p r o t i c  e lec-  

t r o l y t e s  w a s  thus  undertaken. 

The f i r s t  t a s k  was t o  ex tens ive ly  cha rac t e r i ze  t h e  systems used i n  these  

s t u d i e s ,  developing and applying new a n a l y t i c a l  techniques when necessary.  

Then, s t r u c t u r a l  information on se l ec t ed  e l e c t r o l y t e s  was t o  be gained 

by NMR and EpIl techniques a s  w e l l  a s  by electrochemical  and o ther  phyeical  

proper ty  measurements. The spec ies  formed by the  e l e c t r o a c t i v e  m a t e r i a l s ,  

copper f l u o r i d e  and copper ch lor ide  , i n  nonaqueous e l e c t r o l y t e s  were of 

p a r t i c u l a r  concern. Phys ica l  property determinat ions were made t o  pro- 

v ide  f u r t h e r  background f o r  t h e  i n t e r p r e t a t i o n  of da ta  obtained wi th  

l i th ium c e l l s .  

3 



Five quarterly reports and one summary report describing the progress 

of the work were previously issued (Ref. 1 through 6 ) .  

In addition t o  the authors of t h i s  report ,  D r .  Otto Kalman, D r .  James D. 

Ray, and Mr. Jack M.  Sul l ivan contributed major portions o f  the experi- 

mental data described herein. 
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PRFPARATION OF ELECTROLYTES 

SELECTION OF SOLVENTS 

Propylene carbonate (PC), dimethyl formamide (DMF), and acetonitrile (AN) 

are the three solvents which were selected at the beginning of the program. 
&!ethyl formate (ME') was added to the list at a later date. 
the structure of these solvents and summarizes their physical properties. 

Table 1 gives 

ANALYSIS OF SOLVENTS 

Several methods were used to analyze the solvents for trace impurikies. 
Vapor phase chromatographic (VPC) methods were developed to analyze puri- 
fied solvent batches. Very small solvent samples are required for this 
technique, and it was used for routine testing of the purified solvent 
batches. 
sults, and for some determinations of the water content of solutions. 
Nuclear magnetic resonance (NMEt) techniques were also used for cross- 
checking. 

Karl Fischer titration was employed for verifying the VPC re- 

Vapor P has e Chroma t o graphy 

Each batch of solvent was characterized by vapor phase chromatography (VPC) 
to ensure that it was of sufficient purity to be used on this program. A 

routine analysis procedure was developed to determine water, the most im- 

portant impurity, as well as likely organic impurities on a Porapak Q 
column. The experimental parameters and responses for this routine de- 
termination are presented in Table 2. 

divinylbenzene polymer and is similar to the material described by Hollis 
(Ref. 7 ) and Hollis and Hays (Ref. 8 ). Porapak Q separates water from 
most organic compounds. Hydrocarbons lighter than ethane and some inor- 
ganics are eluted prior to water; however, most other organic compounds 
are eluted after water. The water peak is usally sharp and well-defined. 

Porapak Q is an ethylvinylbenzene- 
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Because of i t s  peak shape and r ap id  e l u t i o n ,  water can be e a s i l y  determined 

i n  organic so lvents  on Porapak Q .  

Two Porapak Q columns were prepared on t h i s  program f o r  t h e  determination 

of water.  There were t w o  minor d i f f e rences  between t h e  columns. F i r s t l y ,  

peaks e lu t ed  from t h e  second column were sharper  bu t  t h e i r  r e t e n t i o n  times 

were t h e  same. Because of t h e  b e t t e r  separa t ions ,  t h e  response f o r  water 

i n  a c e t o n i t r i l e  appeared d i f f e r e n t  on t h e  second column. 

i n  responses were found. Secondly, a s i n g l e  peak w a s  found f o r  water i n  

propylene carbonate on t h e  second column, whereas two peaks had been ob- 

t a ined  on the  f i r s t  column which propably contained a c a t a l y s t  t h a t  hydro- 

lyzed p a r t  of t h e  propylene carbonate. These d i f fe rences  w i l l  be discussed 

f u r t h e r  i n  l a t e r  sec t ions .  

No other  changes 

Vapor phase chromatographic ana lys i s  u t i l i z i n g  a s i n g l e  column ana lys i s  

i s  not d e f i n i t i v e  because an impurity could be e lu t ed  a t  the  same time as 

the  major component o r  an impurity could have a very  long r e t e n t i o n  time. 

Re la t ive ly  long r e t e n t i o n  times appear t o  be c h a r a c t e r i s t i c  o f  Porapak 

columns; dimethyl formamide, f o r  example, has a r e t e n t i o n  time of 8 minutes 

a t  200 C on Porapak Q, but  i s  not r e t a ined  on Carbowax 20M o r  Apiezon L 

a t  t h i s  temperature. Changing the  na ture  of a column, p a r t i c u l a r l y  the  

p o l a r i t y  of t h e  l i q u i d  phase, r e s u l t s  i n  a change of t he  r e t e n t i o n  times 

f o r  each component. Thus, t w o  components t h a t  have t h e  same r e t e n t i o n  

time on a nonpolar column (e .g . ,  because of t he  s i m i l a r i t y  i n  t h e i r  bo i l -  

ing  poin ts )  may have d i f f e r e n t  r e t e n t i o n  times on a polar  column ( e . g . ,  

because of t he  d i f f e rence  i n  t h e i r  p o l a r i t i e s ) .  

One batch each of p u r i f i e d  dimethyl formamide and one batch of a c e t o n i t r i l e  

were analyzed on polar  and nonpolar columns, and no impur i t ies  having a 

concentrat ion g rea t e r  than  100 ppm were found. The polar  column was  5-  
percent  Carbowax 20M on Chromosorb W (DMCS-AW, 60/80 mesh) packed i n  

1/8-inch by 20-f o o t  s t a i n l e s s - s t e e l  tubing. The nonpolar column was 

packed wi th  5-percent Apiezon L on Chromosorb W (DMCS-AW, 60/80 mesh) i n  

8 



1/8-inch by 10-f oot  s t a i n l e s s - s t e e l  tubing. 

was  employed with these  t w o  columns. 

d i f f e r e n t  temperatures t o  ob ta in  sharp,  e a s i l y  de l inea ted  peaks. Peaks 

preceding t h e  so lvent  gene ra l ly  show b e t t e r  r e so lu t ion  a t  lower tempera- 

t u r e s ;  peaks which fol low the  so lvent  peak a r e  gene ra l ly  sharper  a t  higher  

A f lame-ionization de tec tor  

Several  chromatograms were made a t  

temperatures.  I n  determining impur i t ies  having concentrations of 100 ppm, 

severa l  isothermal chromatograms obtained a t  d i f f e r e n t  column tymperatures 

appeared p re fe rab le  t o  one gas chromatogram wi th  programed temperature 

cont ro l .  Programmed-temperature gas chromatography usua l ly  r e s u l t s  i n  

good r e so lu t ion  and peak shape because the  temperature increases  durirlg 

e l u t i o n  of t he  sample. However, b e t t e r  base l ine  s t a b i l i t y  and reproduc- 

i b i l i t y  a re  inherent  i n  the  isothermal technique. 

Propylene Carbonate. The water content  of each batch was determined using 

the  condi t ions given i n  Table 2 . Propylene carbonate had a r e t e n t i o n  

time of g rea t e r  than 2 hours under these  condi t ions.  Repl ica te  water 

determinations could be made by successively i n j e c t i n g  a l iquo t s  of pro- 

pylene carbonate before  t h e  e l u t i o n  of t he  f i r s t  propylene carbonate peak. 

The i n i t i a l  por t ion  of a chromatogram with t w o  in jec t ionsof  propylene 

carbonate i s  shown i n  Fig.  1 ; t h i s  chromatogram was made on t h e  f i r s t  

Porapak Q column. 

peak appeared between t h e  a i r  and water peaks, which had the  same r e t e n t i o n  

time as carbon dioxide.  The a rea  of t h i s  peak increased with subsequent 

i n j ec t ions  and t h e  a rea  of t he  water peak decreased a corresponding amount. 

The sum of t h e  a r e a  of t h e  t w o  peaks remained constant  even though the  in-  

dividual  a reas  var ied .  

presence of a c a t a l y s t  t h a t  promoted hydrolysis  of t he  propylene carbonate 

t o  produce carbon dioxide.  

behavior bu t  gave successive water peaks i d e n t i c a l  w i th  the  f i r s t .  

One c h a r a c t e r i s t i c  of t h i s  column was t h a t  a t h i r d  

This unusual behavior i s  probably due t o  t h e  

The second Porapak Q column d id  no t  exh ib i t  t h i s  

The de tec to r  response f o r  water w a s  determined by adding measured volumes 

of water t o  weighed amounts of propylene carbonate. 

Table 3. 
The da ta  a r e  given i n  

The water peak a r e a  w a s  graphed as a func t ion  of t he  amount of 

9 
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T U L E  3 

Sample 

#l 

#2 

#3 

RESPONSE OF CROSS-SECTION DETECTOR TO VARIOUS AMOUNTS OF 

WATEZt I N  PROPYLENE CARBONATE?+ 

2 H 0 Peak Area, cm 2 Amount of H20 Added, ppm 

0 2 . 4  

54 3 . 3  
1000 22.3 

water added; from t h e  s lope of t h e  r e s u l t i n g  l i n e ,  t he  de t ec to r  response 

w a s  found t o  be 0.167 cm per microgram of water ,  which i s  equivalent  t o  
2 

50 ppm/cm The response w a s  

redetermined on t h e  second Porapak Q column and w a s  found t o  be the  same. 

2 

(by weight) o f  water i n  propylene carbonate. 

The lower l i m i t  f o r  t h e  de t ec t ion  of water i n  propylene carbonate w a s  

about 5 ppm. 

The vapor phase chromatographic method was cross-checked wi th  t h e  K a r l  

F i scher  method us ing  a second propylene carbonate sample. 

t e n t  determined by these  two methods w a s  180 and 158 ppm, respec t ive ly .  

These values  a r e  i n  agreement wi th in  t h e  experimental accuracy of the  two 

methods. 

The water con- 

Three add i t iona l  peaks sometimes appeared on the  chromatograms. 

w a s  propylene g lycol ,  which has a r e t e n t i o n  time of about 50 minutes. The 

o ther  t w o  peaks were not  i d e n t i f i e d ;  t h e y  had r e t e n t i o n  times of 3 and 6 
minutes and were merely designated A and B, r e spec t ive ly .  

i n g  compounds appear t o  be decomposition products of propylene carbonate. 

Usually the  concentrat ion of these  mater ia l s  w a s  l e s s  than 20 ppm. The 

de tec t ion  l i m i t  f o r  compounds A and B was about 10 ppm, assuming t h a t  

One p e d -  

The correspond- 
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t hese  compounds had t h e  same de tec to r  response as water.  

glycol  peak w a s  broader due t o  i t s  long r e t e n t i o n  time and, consequently, 

i t s  de tec t ion  l i m i t  w a s  g r e a t e r ,  probably 50 ppm. 

The propylene 

Propylene carbonate was  n o t  completely charac te r ized  by VPC but  w a s  charac- 

t e r i z e d  by NMR. No impur i t ies  were found w i t h  a concentrat ion g rea t e r  than 

100 ppm. 

Dimethyl Formamide. 

w a s  determined using t h e  parameters given i n  Table 2. The i n i t i a l  por- 

t i o n  of a chromatogram of dimethyl formamide on t h e  f i r s t  Porapalc Q 

column is  shown i n  Fig.  2. The second Porapalc Q column gave i d e n t i c a l  

chromatograms f o r  dimethyl formamide. 

The water content  of each batch of dimethyl formamide 

The de tec to r  response f o r  water i n  dimethyl formamide w a s  determined by 

adding measured volumes of water t o  weighed amounts of dimethyl formamide, 

according t o  the  procedure as descr ibed previous ly  f o r  propylene carbonate. 

The de tec to r  response w a s  found t o  be 0.156 cm 

which i s  equivalent  t o  67 ppm/cm 

mide. The de tec t ion  l i m i t  f o r  water i n  dimethyl formamide i s  about 5 ppm. 

The VPC method w a s  cross-checked wi th  the  K a r l  F i scher  method. The water 

content  w a s  found t o  be 93 and 83 ppm, respec t ive ly .  

w i th in  t h e  expected accuracy of t h e  two methods. 

2 per microgram of water 
2 (by weight) of water i n  dimethyl forma- 

These values agree 

Formic ac id ,  formaldehyde, dimethyl amine, and methanol a r e  e lu t ed  from 

t h e  Porapak Q column a f t e r  water but  before  dimethyl formamide. 

e n t ,  peaks f o r  t hese  compounds could be observed; bu t  genera l ly  no peaks 

were found and, hence, t h e i r  concentrat ions were l e s s  than 10 ppm, t h e i r  

approximate de t ec t ion  l i m i t s .  

I f  pres- 

I n  add i t ion  t o  t h e  rou t ine  ana lys i s  on the  Porapak Q column using t h e  

c ross -sec t ion  d e t e c t o r ,  one batch of dimethyl formamide, DMF #4-1, w a s  

a l s o  analyzed wi th  the  Carbowax 20M column and t h e  Apiezon L columnvusing 

12 
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a flame-ionization detector. Isothermal chromatograms were obtained at 
temperatures of  66, 96, and 165 C on the Carbowax 20M column. 
chromatograms were very similar: 
the chromatogram followed by the solvent peak. No peaks were found after 
the dimethyl formamide peak, even though the chromatograms were continued 
for 40 minutes after the solvent peak. The dimethyl formamide retention 
time at 96 C is 5 minutes. Isothermal chromatograms were obtained on the 

The three 

two peaks appeared at the beginning of 

Apiezon L column at 40, 102, and 165 C. The dimethyl formamide retention 

time at 102 C is 4 minutes. The chromatograms are similar to those ob- 

tained on the Carbowax 20M column. 

The flame ionization detector response is approximately proportional to 

the weight concentration of the components found. 

corresponded to 6000 em . 
centration of 100 ppm, a peak area of 0 .6  cm 
area would correspond to a triangular peak having a 1-cm base and a 12-cm 
height at the most sensitive range employed. No such peaks were found; 
the two peaks at the beginning of the chromatograms have areas of less 

than 0.05 cm . 

The solvent peak area 

If an organic impuritywere present at a con- 2 
2 would be expected. This 

2 

Based upon the chromatograms of dimethyl formamide on the Porapak Q, 
Carbowax 20M, and Apiezon L columns, DMF #4-1 contained no impurities 
having concentrations greater than 100 ppm. 

Acetonitrile. Each batch of aedtonitrile was analyzed using the para- 

meters given in Table 2 .  

trile on Porapak Q (second column) is shown in Fig. 3 . A good separa- 
tion between water and acetonitrile was obtained. The detector response 
for water was determined by adding 470 ppm of water to an acetonitrile 
sample; the increase in the water peak area was 5.1  cm . The detector 
response therefore was 0.141 cm per microgram of water which is equiva- 

lent to 92 ppm/cm 
for the detection of water in acetonitrile appeared to be about 10 ppm. 

The initial portion of a chromatogram of aceto- 

2 

2 

2 
(by weight) of water in acetonitrile. The lower limit 
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The separa t ion  of a c e t o n i t r i l e  and water was n o t  as good on t h e  f i r s t  

Porapak Q column prepared. I t  w a s  necessary t o  ex t rapola te  t h e  water 

peak under t h e  a c e t o n i t r i l e  peak i n  t h i s  case.  

found t o  be 0.115 cm 

ppm/cm- (by weight) of water i n  a c e t o n i t r i l e .  

due probably t o  inaccura te  ex t rapola t ion  of t h e  water peak under the  

a c e t o n i t r i l e  peak. 

The de tec to r  response w a s  
2 per microgram of water ,  which is equivalent  t o  112 

0 
This response w a s  lower 

I n  add i t ion  t o  the  rou t ine  ana lys i s  on t h e  Porapak Q column us ing  a cross- 

s ec t ion  de tec to r ,  AN #1-2 was  a l s o  analyzed on t h e  Carbowax 20M, Apiezon L, 
and the  f i r s t  Porapak Q column us ing  t h e  flame ion iza t ion  de tec to r ,  and no 

impur i t ies  having concentrat ions g rea t e r  than  100 ppm were found. Chroma- 

t o d a m s  were obtained on the  Apiezon L column a t  40 and 100 C. 
so lvent  peak, with a r e t e n t i o n  t i m e  of 2 minutes a t  40 C,  appeared on t h e  

chromatograms even though they were recorded f o r  60 minutes. 

w a s  analyzed on t h e  Carbowax 20M column a t  35 and 100 C and only one peak 

f o r  t h e  so lvent  appeared on t h e  60-minute chromatogram. The a c e t o n i t r i l e  

r e t e n t i o n  time was  3 minutes on t h i s  column ( a t  75 C).  

Only t h e  

A c e t o n i t r i l e  

The analyses  on t h e  Apiezon L and Carbewax 20M columns show t h a t  no higher  

b o i l i n g  ma te r i a l s  were present  i n  the  a c e t o n i t r i l e .  Because t h e  so lvent  i s  

e lu t ed  s o  r ap id ly ,  it i s  poss ib le  t h a t  more v o l a t i l e  mater ia l  could have 

been e lu t ed  simultaneously wi th  the  solvent .  

t hese  columns t o  give longer r e t en t ion  times, the re fo re  another column 

mater ia l  w a s  used. 

v o l a t i l e  impur i t i e s  because long r e t en t ion  times were c h a r a c t e r i s t i c  of 

t h i s  column. 

Again, only t h e  so lvent  peak w a s  found which had a r e t e n t i o n  time of 

6.5 minutes. 

I t  w a s  no t  p r a c t i c a l  t o  cool 

The Porapak Q column w a s  s e l ec t ed  t o  analyze f o r  any 

AN #1-2 was  analyzed on the  f i r s t  Porapak Q column a$ 140 C .  

A c r y l o n i t r i l e  i s  an impurity which may be present  i n  a c e t o n i t r i l e  and 

which may not  be removed by d i s t i l l a t i o n .  

n i t r i l e  i n  a c e t o n i t r i l e  w a s  analyzed on t h e  Porapak Q’column. 

A 1-percent s o l u t i o n  of acrylo- 

The 

16 



a c r y l o n i t r i l e  r e t e n t i o n  time w a s  10.5 minutes 

r a t e d  from t h e  a c e t o n i t r i l e .  No ac  

. Each b a h h  

and formic ac id .  The water anal  

column us ing  t h e  condi t ions r a t i o n  of methyl 

formate and water was  poor unless  t h e  sample s i z e  w a s  reduced t o  25 P l .  

A chromatogram of MF #2-6 is shown i n  Fig.  4 . The base l ine  dis turbance 

before  t h e  air  peak was  due t o  a pressure surge caused by i n j e c t i n g  the  

sample. 

as shown by t h e  do t t ed  l i n e .  

t o  be an average of t h e  two values  found f o r  propylene carbonate and d i -  

methyl formamide. This  value i s  0.161 cm per microgram of water which i s  

equivalent  t o  256 ppm/cm 

lower de t ec t ion  l i m i t  f o r  water w a s  about 40 ppm. 

The water peak must be ex t rapola ted  under t h e  methyl formate peak 

The de tec to r  response f o r  water w a s  assumed 

2 

2 (by weight) f o r  water i n  methyl formate. The 

The methanol content  w a s  determined on a t h i r d  Porapak Q column using the  

condi t ions given i n  Table 4. The r e t e n t i o n  times of water ,  methanol, 

methyl formate, and formic ac id  were 0.7, 1.8, 3 .4 ,  and 5.6 minutes, re -  

spec t ive ly .  Each peakwasvery  sharp and well  separa ted  from t h e  others .  

The de tec to r  response r a t i o  f o r  methanol and methyl formake was determined 

by adding measured volumes o f  methanol t o  a known volume of methyl formate. 

These da t a  a r e  given i n  Table 5. The r a t i o  of t h e  methanol and methyl 

formate peak areas  was  graphed as a func t ion  of  t he  methanol added. 

p ropor t iona l i t y  constant  f o r  t h e  methanol content  and the  r a t i o  of t h e  

The 

pe o f  t he  l i n e .  

y mult iplying the  

rmic ac id  caused any 
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SAMPLE S I Z E :  25 WlCROLlTERS 
COLUMN: PORAPAK Q NO. 2 
TEHPERATURE: 150 C 
CARRIER GAS: HYDROGEN 
M T E C T O R :  CROSS S E C T I O N  
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Figure 4. I n i t i a l  Portion of Chromatogram of 
Methyl Formate (MF #2-6) 
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TABLE 4 

Sample No. 

1 

2 

3 

4 

5 

6 

EXPER1IGXCA.L PARAMETIES USED FOR THE DETEXWINATION OF 
METHANOL IN METRYL FORMATE 

Methanol Added, Ratio of Methanol to Methyl 
Volume Percent Formate Peak Areas 

-4* 0 6.6 x 

0.1 16.8 x 101; 

0.2 2.86 x 101; 

6.6 x 10 

16.5 x 10 

2.88 x 10 

37.6 x 10 

59.9 x 10 

80.2 x 10 

Oe3 37.3 x 10:; 

0.5 57.9 x 10:; 

0.7  75.6 x 10:; 

Sample Size, Pl 
Column 

Column Temperature, C 
Carrier Gas 
Flowrate, cm 3 /min 

Detector 
Detector Current, milliampere 
Gas Chromatograph 
Recorder 

1 

3/16-inch x 3-feet packed with 
Porapak Q 
130 
Helium 

50 
Thermoconduc tivi ty 
250 
Beckman GC2A 
L & N Speedomax G, 1 millivolt full 
scale, 1/2 inch per minute chart. speed 

TABLE 5 

RATIOS OF METHANOL AND METHn FORMATE RESPONSES FOR 

THEW40 CONDUCTIVI TY DETECTOR 
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Addition of 0.5-percent formic acid to the MF #-5/water mixture also 
did not change the methanol concentration. 

considerable support to the accuracy for the determination of  methanol. 

These two experiments give 

Apparently, little or no decomposition, hydrolysis, o r  esterification 

occurred during this analysis of the pure solvent. 

There was no complete characterization of methyl Eormate by VPC. IIowever, 

no impurities other than methanol and water were observed on the Porapalc Q 
column. Assuming that the thermal conductivities of any other impurities 
were the same as methanol and that no impurities were eluted simultaneously 
with the solvent, no impurities were found to be present having concentra- 

tions greater than 300 ppm. Methanol, of course, is an exception to this 

statement 

Karl Fischer Titration 

A s  an independent check of the results obtained by VPC, Karl Fischer 
reagent (Ref. 
reagent is a well specified mixture of pyridine, iodine, methanol, and 

15) was employed to determine water contents. Karl Fischer 

sulfur dioxide. The titration of H 0 in this 
sequence of reactions that can be represented 

2 

C511F*12 + C5HgN*S02 + C5HP + H20 - 2 
and 

C H N-SO + CH30H - C5H+lJa€1SO4CH3 5 5 v  2 

CII OH solution involves a 

by the f ol 1 owing equations : 
3 

C5HF*€lI + C H N-SO2 5 5 ‘o’ 

The standard reagent titrates 5 milligrams o f  water per milliliter of 

titrant. To determine trace quantities of water in solvents, the titrant 
was diluted with methanol to an activity of  -1 mg H20/ml titrant. If 100 

grams (-100 milliliters) of  solvent are titrated, each milliliter of 

20 



titrant corresponds to 10 ppm of 
with a 5-milliliter micro-burette (0.01 ml/div). 
determination of water is less than 10 ppm. T 
was determined potentiometrically an 

closed system. 
of weighed quantities of sodium tartrate. 

The 

The titrant was standardized against the water of hy 

Several substances interf ere with Karl Fischer analyses including: alkaline 

materials, compounds containing active hydrogen, and strong oxidizing o r  

reducing agents. One problem associated with large sample sizes is the 
disruption of the electrolytic nature of the titration system such that 
the standard endpoint cannot be employed. 

the titration of propylene carbonate o r  acetonitrxle. 

This problem was not found in 

The titration of dimethyl formad.de containing small amounts of water was 
unusual because the endpoint was apparently passed when the first drop of 
Karl Fischer reagent was added. 
acted with the sample; subsequent additions of reagent reacted rapidly so  

that the sample could be titrated in the usual fashion. This reaction 
appears to be autocatalytic, but the mechanism was not investigated. 
Fischer titration yielded results in accordance with the VPC method for 

solutions with intermediate water content, but could not be applied in 

This was because the reagent slowly re- 

Karl 

cases of very pure dimethyl formamide. Difficulties in titrating for 
water in dimethyl formamide have been indicated also by other investi- 

gators IRef. 10). 

Nuclear Magnetic Resonance (NMEl) Techniques 

Early in the p gram, NMR techniques were explored as a metho 
nt analysis of  water in solvents. This work included a pre- 

liminary investigation of  a method, described in an earlier report (Ref. 2 ) ,  

which employed broadline techniques in recording high resolution spectra 

and held promise of achieving the same sensitivity as either VPC or Karl 

Fischer titration. Results consistent with the other analytical methods 

were obtained. 
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More r ecen t ly ,  s tandard high r e so lu t ion  NMR was used t o  determine water 

and methanol contents  i n  methyl formate, and i n  i ts  so lu t ions  where ambigu- 

ous r e s u l t s  had been obtained by VPC and K a r l  F i scher  t i t r a t i o n .  The H1 
resonance due t o  H 0 and CH OH was compared t o  the  resonance obtained i n  

samples containing known add i t iona l  amounts of these  impur i t ies .  The 

s e n s i t i v i t y  of t h i s  method may not be a s  g r e a t  a s  t he  s e n s i t i v i t y  of the  NMR 
method mentioned above, bu t  it a l l o w s  t h e  de t ec t ion  of impur i t ies  a t  a 
l e v e l  of 200 t o  500 ppm, t h e  s e n s i t i v i t y  depending t o  a c e r t a i n  ex ten t  on 

the  so lvent  system. 

Fig. 5 with 1-percent water added. 

2 3 

As an example, the  spectrum of MF#2-5 is given i n  

Methyl formate w a s  used f o r  experimentation i n  L i C l O  and LiAsF6 so lu t ions .  

The t a sk  t o  analyze methyl formate w a s  twofold because not  only pure,  d i s -  

t i l l e d  methyl formate had t o  be analyzed, bu t  a l s o  t h e  methyl formate which 

was  contained i n  t h e  LiAsF /MF stock s o l u t i o n  suppl ied by Honeywell's 

Livingston Elec t ronic  Laborator ies .  

s tock s o l u t i o n  had ind ica t ed  a water content  of 0.25 percent  bu t  the  solu-  

t i o n  w a s  found s t a b l e  i n  contac t  with a Lithium dispers ion ,  and the  high 

water content  could no t  be confirmed by K a r l  P i sche r  t i t r a t i o n .  NMR re -  

sults then ind ica t ed  d e c i s i v e l y  t h a t  t he  VPC r e s u l t s  were erroneous prob- 

ab ly  because of decomposition of t he  so lvent .  

4 

6 
A prel iminary VPC analys is  of this 

A sample of LfisF6#1/MF (designat ion for t h e  undiluted s tock  s o l u t i o n  

obtained from Livingston) gave the spectrum represented i n  Fig. 6. 
add i t ion  of water ,  no water peak could be found,as shown i n  Fig. 7. In- 

s t ead ,  t h e  methanol peak had increased a s  compared t o  t h e  spectrum obtained 

before  the  water addi t ion .  

obtained a f t e r  add i t ion  of 1-percent methanol, Fig, 8. A formic ac id  peak, 

not  shown, had a l s o  increased accordingly. This i nd ica t e s  t h a t  a f a s t  

hydro lys is  occurred. 

formate, and it appears t h a t  t he  hydrolysis  process was acce lera ted  i n  

the  presepce of LiAsF o r  of c e r t a i n  impur i t ies  introduced with it, 

On 

This can be v e r i f i e d  by comparing wi th  a spectrum 

Such a r eac t ion  was no t  observed i n  pure methyl 

* 
6 
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PURIFI CAT1 ON OF SOLVENTS 

Table 

f r equen t ly  a l s o  wi th  d i f f e r e n t  l o t  numbers were given d i f f e r e n t  code num- 

bers  (an  add i t iona l  number was added f o r  t he  d i f f e r e n t  p u r i f i e d  and ana- 

lyzed batches) .  

6 l i s t s  t h e  so lvents  purchased. Solvents  of d i fPe ren t  o r i g i n  and 

D i s t i l l a t i o n  

Solvents were p u r i f i e d  by d i s t i l l a t i o n .  Methods were es tab l i shed  which 

furnished so lvents  wi th  acceptable  impurity l e v e l s  f a i r l y  r e l i a b l y ;  t h e  

procedures a r e  summarized i n  Table 7 .  Two d i s t i l l a t i o n  procedures a r e  

given f o r  PC, DME', and AN. Each of t h e  f i r s t  procedures w a s  used i n  

e a r l y  s t ages  of the  program and produced acceptable  ma te r i a l s ,  as sum- 

marized i n  Ref.  3 . Because of t h e  breakdown of the  spinning band column 

and a l s o  t o  improve t h e  r e l i a b i l i t y ,  t h e  d i s t i l l a t i o n  processes were modi- 

f i e d ,  and the  second s e t  of d i s t i l l a t i o n  condi t ions represents  t he  methods 

which eventua l ly  appeared optimal i n  regard t o  r e l i a b i l i t y  and s impl i c i ty .  

These l a t e r  procedures a r e  discussed i n  more d e t a i l  below. 

Propylene Carbonate. 

l - foo t  Vigreux column (packed wi th  Heli-pak) a t  8 t o  14 mm Hg and 100 t o  

L i t e r  batches of PC were d i s t i l l e d  from CaH2 with a 

115 C .  

t o s  t o  prevent f looding.  

atmospheric pressure when c u t t i n g  f r a c t i o n s .  

w a s  necessary,  poss ib ly  because t h e  s t a r t i n g  ma te r i a l ,  a t  l e a s t  i n  batches 

The column was wrapped wi th  hea t ing  tape and in su la t ed  with asbes- 

Dry n i t rogen  w a s  used t o  b r ing  t h e  system t o  

No predrying of t he  so lvent  

r d  the. end of t he  program, h a l o w  water content.  However, 

s t i l l e d  f r o m  t h e  very 1 s t  batches were found t o  con- 

100 p p  of an un iden t i f i ed  organic impurity with a VPC 

r e t en t ion  time of 6 minutes. 

d i s t i l l i n g  off  t h e  d i s t i l l e d  batch,  i n  t h e  absence of 

The impurity l eve l  was reduced by simply 

p u r i f i e d  solvent .  
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I n  cases  where w a t e r  conten ts  below 20 ppm w e r e  obtained i n  d i s t i l l e d  PC 

ba tches ,  some Hi0 (approximately 20 ppm) was added wi th  a micro syr inge  

t o  meet t h e  c o n t r a c t  s p e c i f i c a t i o n  r e q u i r i n g  so lven t s  t o  conta in  40 k20 

ppm €I 0. 2 

Dimethyl Formamide. 

fo l lowing  s t eps :  

The p u r i f i c a t i o n  of t h e  spectrograde DMJ? involved t h e  

1. DMF w a s  shaken v igorous ly  wi th  a c t i v a t e d ,  chromatographic grade 
0 

molecular s i eves  (M, 12-30 mesh) f o r  6 hours.  

2 .  The molecular s i eves  were allowed t o  s e t t l e  f o r  15 t o  20 hours.  

3. DMF w a s  decanted of f  and cen t r i fuged  f o r  2 t o  3 hours.  

4. The predr ied  DMF w a s  d i s t i l l e d  wi th  a 1- foot  Vigreux column, 

packed wi th  Heli-pak, a t  atmospheric p re s su re  and 151 C (no  

dry ing  agent  w a s  needed dur ing  d i s t i l l a t i o n ) .  

Care w a s  taken t o  remove molecular s i eves  used f o r  predrying as completely 

as poss ib l e  because they  appeared t o  g ive  o f f  w a t e r  dur ing  t h e  d i s t i l l a -  

t i o n  s t e p .  

long  because f i n e  p a r t i c l e s  of molecular s i e v e s  which were hard  t o  sepa- 

rate formed through a gr inding  a c t i o n .  

T o t a l  removal was d i f f i c u l t  i f  t h e  shaking per iod w a s  t o o  

A c e t o n i t r i l e .  One- l i te r  batches of AN were d i s t i l l e d  from P 0 wi th  a 

3-1/2-f oo t  Oldershaw bubble-plate coldmn a t  atmospheric pressure  and 81 C. 

The r e f l u x  r a t i o  w a s  va r i ed  from an i n i t i a l  va lue  of 5 : l  t o  a f i n a l  va lue  

2 5  

of 2 : l .  Batches were predr ied  by al lowing them t o  contact€' 0 f o r  20 t o  50 
2 5  

4 hours .  

Methyl Formate. 

l i thium/50-percent heptane d i spe r s ion  (1 percent  added t o  t h e  MF) with  a 

1-foot  Vigreux column (packed wi th  Heli-pak) a t  atmospheric pressure  and 

71 C.  The MF w a s  re f luxed  f o r  about 1 hour before  d i s t i l l a t i o n .  Some 

L i t e r  batches of MF were d i s t i l l e d  from a 50-percent 
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batches were passed through a chromato 

sieves before di 
sary. The spectro 
cause it had a 
upon addition of the lit 

countered on ne 
as had been requested from the supplier. 

Characterization of Solvent Batches 

The solvents were usually purified in batches of 500 to 1000 milliliters. 
A gas chromatographic test for water and major organic impurities with a 
Porapak 9. column was employed f o r  routine characterization of the solvents. 
Analysis results for solvent batches used for experimental work are pre- 
sented in Table 8. Impurities listed as absent were not detected, the 
detection limits being 2 to 5 ppm for water and about 10 ppm for those 
organics which could'be separated on the Porapak Q column. 

Ordinarily, only batches showing water contents of 40 k20 ppm were used 

for experimentation. In some cases, some water was added to bring the 
water content within these limits. No single organic contaminant at a 

level above 60 ppm was tolerated. 
redistilled o r  discarded. 

Unacceptable solvent batches were 

The above tolerances were relaxed in the case of MF to the impurity levels 

of solutions used in cell studies at the Livingston Electronic 
Laboratories. 

SELECTION OF SOLUTES 

Lithium perchlorate ( 
(LiF), tetramethyl fluoride (TMA'F), tetramethyl ium hexa- 
fluorophosphate (TMA- tetraethylammonium fluoride *F) , and lithium 

), 'lithium chloride (LiCl), lithium fluoride 
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TABLE 8 

CII[ARACTERIZATION OF DISTILLED SOL- BATCRES 

Solvent C o d e  

Pc #1-4 
Pc #2-1 
Pc #2-2 
Pc #2-3 
Pc #2-4 
Pc #2-5 
pc #2-6 
Pc #2-7 
PC #2-8 

Pc #2-9 
Pc #2-10 
Pc #2-11 
pc #2-12 
Pc #4-1 
pc #4-2 
Pc #4-3 
Pc #4-4 
PC #4-5 
Fc #5-1 
Pc #5-2 
pc #5-3 
Pc #5-4 
pc #5-5 
Pc #6-1 
Pc #6-2 

#6-3 

DMJ? #1-2 
DMF' #3-2 
DMF #3-3 
DMF #3-4 
DMF #3-5 
DMF #4-1 
DMJ? #4-2 

#5-1 
DMF' #5-2 
DMF #5-3 
DMF #5-4 
DMF #5-5 
DMF #5-6 
DMF #6-1 
DMF' #6-2 

DMF #6-4 
DMF #6-3 

H20 C o n t e n t ,  
ppm per w e i g h t  

180 
25 
55 
25 
20 
20 
35 
20 
40 

20 
20 
32 
33 

N o n e  
N o n e  
N o n e  
N o n e  
N o n e  
N o n e  
N o n e  
N o n e  
N o n e  
N o n e  
N o n e  
N o n e  
N o n e  

20 
40 
45 
70 
65 
50 

100 
52 
65 
38 
56 
57 
5 2- 
59 
30 

114 
109 

O r g a n i c s  
ppm per w e i g h t  

160 
20 

N o n e  
15 
35 

N o n e  
35 

65 + 95 
( t w o  i m p u r i t i e s )  

20 
N o n e  
N o n e  
N o n e  
N o n e  

12 
14 
12 
17 

20 + 35 
20 + 35 

230 + 280 
22 + 40 
20 + 28 

100 
185 
N o n e  

140 
N o n e  
35 

N o n e  
N o n e  
N o n e  
N o n e  

26 
9 

N o n e  
N o n e  
N o n e  
N o n e  
N o n e  
N o n e  
N o n e  
N o n e  
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ww #6-6 
DMF iw-7 

7%-9 
#-lo 

DMF #6-12 
DMF 7%-13 

DMF 8-15 

DMF #-I7 

DMF #7-1 

DMF #6-8 

DMF #6-11 

DMF #6-14 

DMF #6-16 

DEaF #6-18 

DMF #7-2 

AN #1-1 

AN #3-1 
AN #1-2 

AN #3-2 
AN #4-1 
AN #4-2 
AN #4-3 
AN #4-4 
AN #4-5 
AN #4-6 
AN #5-1 
AN #5-2 
AN #5-3 
AN #5-4 
AN #5-5 
AN #5-6 
AN #5-7 

75 
150 
155 
110 
77 
48 
110 
54 
32 
113 
36 
55 
59 
44 
28 
46 

23 
40 
50 
55 
48 
60 
49 
41 
49 
46 
40 
48 
63 
52 
54 
61 
60 

None 

None 
None 
None 
None 
None 
None 
None 
None 
None 
None 

None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 

None 
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tetrahutylammonium bromide. 

Sources and purities of the materials procured to be used as solutes are 

given in Table 9 . 
below. 

Detailed analysis results are presented and discussed 

ANALYSES OF SOLUTES 

A comprehensive analysis of a solute is very difficult because a very 
large number of impurities may be present. 
of solids were performed by spark source mass spectrography (SSMS). 

analysis of the metal ions was duplicated by emission spectroscopy, and 
some supplemental analyses were made t o  answer special questions. Mass 

spectrographic and gas chromatographic techniques were applied to analyze 
the gaseous solutes. 

The major portion of analyses 
The 



TABLE 9 

SOURCE AND PURJTIES OF PROCURED SOLUTES 

Source 

Foote Mineral Co. 
Atomergic Chemetals Co. 
( L o t  B5057) 
Atomergic Chemetals Co. 
( L o t  B7523) 
Foote Mineral Co. 
Atomergic Chemetals Co. 
( L o t  B5095) 
Atomergic Chemetals Co. 
( L o t  B7948) 

Foote Mineral Co. 
E lec t ron ic  Space Products ,  Inc .  
Research Inorganic  Chemical Corp. 

Ozark-Mahonin Co. 
(Lo t VM-4 -1 25$ 
Aldrich Chemical Company, Inc.  
Southwestern Analyt ical  Chemicals 
Southwestern Analy t ica l  Chemicals 
Ozark-Mahoning Co. 

Southwestern Analy t ica l  Chemicals 
Livingston Elec t ronic  Labs. 

( L o t  Kw-2-14 

Mall inlcrodt Chemical Works 
J. T. Baker Chemical Co. 
Rocky Mountain Research, Inc .  
Rocky Mountain Research, Inc .  
( L o t  LP03088) 

Matheson Co., Inc .  
Research Inorganic  Chemical Co. 
In-House 

Research Inorganic  Chemical Co. 
Ozark-Mahoning c o .  
Ledoux & Co. 
Matheson, Coleman and B e l l  
F i s h e r  S c i e n t i f i c  Co. 
( L o t  752944) 

Quality 

99.75% 
99.9% 

99.9% 

99.9 + $ ( o p t i c a l )  

99.8% 
99.9% 
99 * 995 

99.85% 

P u r i f i e d  (254% HzO) 
2.2M LiAsF6-ME' 
Solu t ion  

Analyt ical  Reagent 
Analyzed Reagent 
99 * 999% 
99 * 999% 

99.5% 
Chemically Pure 
Deionized 

Chemically Pure 
Spec ia l  
Spec ia l  
Reagent 
C e r t i f i e d  Reagent 
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TABLE 9 
(Concluded) 

~ 

Chemical Source Quality I 
TBA.TPB #l 

Na-TPB #1 

TBA-Br #1 
TMA-Br #1 
LiBr #1 
LiBr #2 

Synthesized from TBA-Br #1 and 
NaaTPB #1 
Baker and Adamson Reagent, General 
Chemical Division, Allied Chemical 
Corporation 
Columbia Organic Chemicals Co., Inc. 
Southwestern Analytical Chemicals 
Matheson, Coleman and Bell 
Gallard-Schlesinger Chemical Mfg. 
Gorp. (Lot ~5111) 

Reagent 

Po 1 aro graphi c 
Polarographic 
Reagent 
99.99% ( optical) 
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The analyses were performed at the Bell and Howell Research Laboratories, 
Pasadena, on a semiautomatic Consolidated Electrodynamics Corporation 

El-110 mass spectrometer. A SpectraDataMeter was utilized to measure 
line positions and identify spectral mass lines. 

was obtained from a plate reader-computer system. 

Quantitative information 

The samples were prepared by pressing the solids into pellets at about 
60,000 psi, and were enclosed in a rubber bag at this stage to avoid con- 

tamination by the atmosphere. 
on all sides to form electrodes and mounted on gold-capped sample holders 

just prior to sparking. 

phere briefly when they were transferred to the spark chamber of the mass 

spectrometer. 

Each pellet was then trimmed in a dry box 

The samples were exposed to the laboratory atmos- 

Because the samples were sparked against ultra-high-purity gold probes 
and tantalum slits were used in the instruments, no results for these two 
metals were obtained. All other elements at concentrations o f  10 ppm o r  

more were detected, unless there was some interference by background lines 
from major components in the solid. 

Before the exposures were made, the samples were given a prespark; that 

is, the surface of the samples was sparked t o  reduce the possibility of  

surface contamination. For each sample, a set o f  exposures with variable 
exposure times was taken to allow quantitative determination of consti- 

tuents present at various concentrations. 

This analysis method provided elemental analyses covering all elements 

from hydrogen up to uranium, although an analysis for hydrogen was not 
always performed. Some erratic results were obtained occasionally such 
as varying contents indicated for a certain element on varying exposures 
of one set. Also, the spark source mass spectrographic results did not 

always agree perfectly with the results obtained by other methods. One 

has to consider that only a very small part representing the bulk solid 
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program. 

Analysis by Emission Spectrography 

Fhission spectrography is a common technique employed to determine metal 
contents at levels less than 100 ppm. 
as obtained by Pacific Spectrochemical Laboratory, Inc., Los Angeles, 
where the emission spectrographic analyses were made. 

Table 10 gives some lower limits 

The results obtained by emission spectrography are considered semiquanti- 
tative, with an accuracy of ' 5 0  percent and reproducibility of '15 per- 

cent. 
because individual calibrations f o r  most of the matrices were not available. 

Empirical corrections were made based on the major anion present, 

Analysis Results and Purification of Solutes 

Lithium Perchlorate. 
Atomergic Chemetals Company, LiC104 #2 and LiClO 

results being given in Tables 11 and 12. 

elevated temperature (i.e. , at 90 to 120 C )  under vacuum; 

cation procedure was applied to all LiClO 

Two batches of 99.9-percent LiC104 supplied by the 
#3, were analyzed, the 

4 
The samples had been dried at 

this purifi- 

used on the program. 4 

Because of interferences, Mg, P ,  S, V, Cr, and Nb could not be determined 

h in LiClO, #3. A high fluoride content 

en €I and 0 con- 
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T A B U  10 

LOWER LIMIT FOR DETECTION OF VARIOUS raETALS 
IN LrTmrni  CARBONATE MATRIX 
BY EMISSION SPECTROGRAPHY 

Element 

A lumin i um 
Antimony 
Arsenic 
Barium 
Beryllium 
Bismuth 
Boron 
Cadmium 
Calcium 
Ch romi um 
Cobalt 
Columbium 
Copper 
Gallium 
Ge m a n  i zm 
Go Id  
Indium 
Iron 
Lead 
Ma gne s iurn 
Manganese 
Mercury 
Molybdenum 
Nickel 
Pa 1 lad  i um 
Phosphorus 
Platinum 
Pot a s s  ium 
Rubidium 
S i l i c o n  
S i l v e r  
Sodium 
S t  r on t i um 
Tantalum 
Tha 11 ium 

Lower L i m i t ,  
ppm - 
2 

40 
300 
loo* 

0.3 
1 

30 
70 

1 
3 
40 
0.3 
2 
5 

10 
3 
3 

20* 
0.1 
1 

200 
5 
3 
2 

1000 
5 

300 
20 

5 
0.3 

100 
3 

200 
100 

0.05 

*Special spectrographic  techniques a r e  ava i l ab le  which may determine 
smaller  q u a n t i t i e s  o f  the  metal .  
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Element 

Thorium 
T in  
Titanium 
Tungs ten 
Vanad ium 
2 inc 
Z i r c on ium 

TABU 10 

(Concluded) 

Lower Limit, 
ppm 

100 
5 
4 

100 
5 

100 
5 

38 



Impurity 

H 
B 

C 
N 
F 

Na 

A1 
Si 
K 
Ca 

CU 
Zn 

As 

I 

MI3 
Fe 
Sn 
Pb 

TABLE 11 

IMPURITY CONCXN!EUTIONS IN LiC104 #2 DETIBMINED BY SPARK 

S O W E  MASS SPBcTBI)MEX!RY AND EMISSION SPBcTIu)SCOPY 

Spark Source Mass Spectrometry 
Detection Limit, 

ppm atomic 

3.0 
1.0 

1.0 
1.0 
2.0 

0.3 
0.5 
1.0 

0.3 
0.7 

2.0 
2.0 
1 .o 
2 .o 

Content, 
ppm atomic 

500.0 
20.0 
20.0 

6.5 
23.0* 

200.0. 
1.0 

23.0 
16.0 

5.9 

12. o* 
3.0 
21.0 

3.0 

Content, 
ppm per weight 

28 
12 
14 

5.1 

25* 

260 

36 
35 
13 

43* 
11 

89 
21 

1.5 

Emission 
Spectroscopy 
Content, 

ppm per weight 

10 

17 

4 

3 
2 
4 
16 

*May be due to residuals in the mass spectrometer 
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TABLE 12  

IMPURITY CONCENTRATIONS I N  LiC104 #3 DETERMINED BY SPABE 

SOURCE MASS SPECTRQMETRY AND EMISSION SPECTROSCOPY 

Impurity 

H 

B 

C 

N 

F 

N a  

Mg 
A 1  

S i  

K 

C a  

Fe 

cu 

H2** 

OH** 

EC l** 

Spark Source Mass Spectrometry - 
Detection L i m i t ,  

ppm atomic 

3 . 0  

1.0 

1 .o 
1 .0 

2 .o 
0.3 

1 .o 
0.5 

10 

0.3 

0 .7  

2.0 

- 
- 
- 

5000 

2.7 

41-590 

28 

2800* 

800 

12 

32 

.c: 10 

110 

320 

14 

39 
240 

1000 

280 

1.6 
28-400 

22 

3000* 

1000 

16 
49 

<16 
240 

720 

44 

4.4 

320 

2100 

Emission 
Spectroscopy 

Content,  
ppm per  weight 

1.5 

180 

c0.3 

*High F content  not confirmed by t e s t  wi th  f l u o r i d e  ion  a c t i v i t y  e lee t rode .  

q e p o r t e d  f o r  comparison purposes only 
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For t h e  t e s t  of LiC104 #3 f o r  f l u o r i d e ,  a f l u o r i d e  ion  a c t i v i t y  e l ec t rode  

(Orion Research Incorporated)  was used. 

i r r ep roduc ib le  p o t e n t i a l  of -140 m wi th  an  aqueous s o l u t i o n  of 0.25 M 
e l ec t rode  ind ica t ed  a s l i g h t l y  

LiC104 #3. An i d e n t i c a l  s o l u t i o n  M 

LiF gave a p o t e n t i a l  of +24 mv ver  From 

t h e s e  values, a f l u o r i d e  concent ra t ion  of 5 ppm or l e s s  can be ca l cu la t ed  

f o r  LiCIOk  #3. 

Lithium Chloride.  

percent )  suppl ied  by Atomergic Chemicals Company, L i C l  #2 and L i C l  #3, 
were analyzed,  and t h e  r e s u l t s  are  presented i n  Tables 13 and 14. The 

sodium and t h e  potassium contents  were s l i g h t l y  above 100 ppm i n  both  

products ,  b u t  t hey  are not  considered represent ing  s i g n i f i c a n t  impur i t i e s .  

Two ba tches  of o p t i c a l  grade l i t h i u m  c l o r i d e  (99.9 

Both (samples submitted for  ana lys i s  and ma te r i a l s  used f o r  experimenta- 

t i o n  on the program)were d r i e d  under vacuum a t  e leva ted  temperatures of 

about 120 C.  

some oxide r a t h e r  than from w a t e r  contamination, because the  hydrogen found 

d i d  no t  balance wi th  the oxygen observed. 

The high oxygen content  i n  LiCl #3 appears t o  o r i g i n a t e  from 

Lithium F luor ide .  Two products were analyzed by emission spectrography: 

LiF #2, 99.9 percent ,  suppl ied  by E lec t ron ic  Space Products ,  I n c . ,  and 

LiF #3, 99.9 pe rcen t ,  o p t i c a l  grade,  suppl ied  b y  Research Inorganic  

Chemical Corporat ion.  Because t h e  impuri ty  conten t  of t h e  l e s s  expensive 

product ,  LiF #2, was no t  s i g n i f i c a n t l y  g r e a t e r  according t o  t h i s  a n a l y s i s ,  

t h i s  product w a s  f u r t h e r  analyzed by SSMS. The r e s u l t s  a r e  given i n  

Table 15. Severa l  impur i t i e s  were revea led  a t  l e v e l s  g r e a t e r  than 100 ppm. 

They a r e  carbon, probably from carbonate ,  oxygen which may have been 

p resen t  i n  p a r t  i n  complex anions and a l s o  as oxide ( the  low hydrogen con- 

t e n t  i n d i c a t e s  l i t t l e  EI 0 w a s  p re sen t ) ,  and s u l f u r ,  probably from s u l f a t e .  2 
The metals  sodium, potassium, and antimony which complete t h e  l i s t  were 

a l s o  present ;  t h e  f i g u r e s  f o r  ch lo r ine  and copper are upper va lues  only 

because o f  poss ib l e  cross-sparking o f  a CuCl 

spectrometer .  

sample a l s o  i n  the  m a s s  2 
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Cmpurity 

Be 

C 

N 

0 

F 

S 
Na 

M g  
A 1  

S i  

K 

Ca 

T i  
C r  

Fe 

N i  

cu  

Zn 

Ge 

Se 

B r  

Cd 

Hg 

TABLE 13 

IMPURITY CONCENTRATIONS I N  L i C l  #2 DETERMINED BY SPABE 
SOURCE MASS SPECTROMETRY AND EMISSION SPECTROSCOPY 

Spark Source Mass Spectrometry 

Detect ion Limi t ,  
ppm atomic 

0.2 

1 

1 

1 

1 

5 
0.3 
1 

0.5 
1 

0.5 

1 

10 
1 

1 

1 

1 

1 

10 

1 

1 

1 

2 

- 
Content, 

ppm atomic 

0.42 

120 

6.5 
3900 

17 
8 

180 

5.4 
0.8 

2.8 

100 

6.0 

3.2 
3.3 

N o t  de tec ted  

13 
4.4 

4.0 
Not detec ted  

2.1 

2.0 

5.3 
2.1 

Content, 
ppm per  weight 

,o .2 

68 
4.3 

2900 
15 
12 

195 
6.2 
1.0 

3.8 
185 
11.5 

7.9 
8.7 

( 4 3 )  

36 
13 
12 

(-4 1 
7.8 
7.5 

28 

20 

Emission 
Spectroscopy 

Content, 
ppm pe r  weight 

4 . 3  

<loo 
2.5 

<5 
<lo 

<300 

36 
<4 

<1 
CL 

<5 
0.6 

<loo 
<5 

<30 
e00 
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Impurity 
Content, 
pprn atomic 

H 
C 
N 
0 

F 
Na 

Mg 
A1 

Si 

S 
K 
Ca 

Ti 

cu 

Ge 

BE 

H2* 
OH* 

HC 1* 

Content, 
pprn per weight 

TABLE 14 

IMPURITY CONCENTRATIONS IN L i C l  #3 DETERMINED BY SPARK 
SOURCE MASS SPECTROMETRY AND EMISSION SPECTROSCOPY 

760 
33 
4 .1  

6400 
29 

120 

7 .3  
2 .6  
2 

45 
56 
50 

< 10 

1.9 
c 10 

34 
25 

260 
440 

Spark So 

Detection Limit, 
ppm atomic 

2 

1 

1 

1 

1 

0.3 
1 

0.5 
1 

1 

0.5 
1 

10 

1 

10 

1 
- 
- 
- 

36 
19 
2.7 

4800 

26 
130 

8 .4  

. 3.3 
3 

98 
103 
95 

< 22 

5.7 
<34 
134 

2.4 

210 

760 

Emission 
Spectroscopy 

Content, 
ppm per weight 

0.8  

96 

*Reported f o r  comparison purposes only 
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T A B U  15 

IMPURITY CONCENTRATIONS IN LiF #2 DGII- BY SPARP; 

SOURCE MASS SPECTROMETltly AND EMISSION SPECTROSCOPY 

Impurity 

H 
B 
C 
N 
O 
Ma 

A1 

S i  

P 

S 
c1 
I( 

Ca 

v 
C r  

cu 
Nb 
Sb 

M g  
Pb 

Fe 

Sn 
Ni 

Spark Sour( 

Detection L i m i t ,  
ppm atomic 

3 
1 

1 

1 

1 

0 . 3  
0.5 
1 

5 
3 
1 

0.3 

0.7 
1 

1 

1 

3 
5 

Content, 
ppm atomic 

290 

2.7 

750 
40 

7000 

4800 

5.8 
28 

10 

220 

~600* 

270 
14 

2.0 

2.0 

38* 

7.0 

17 

-- 

Mass Spectrometry 

Content, 
ppm per weight 

22 

2.3 

690 

43 
8600 

8500 

12.1 

60 

24 

540 
4400* 

810 

43 
7.9 
8.0 

187* 

50 
160 

Emi s s i on 
Spectroscopy 

Content, 
ppm per weighf 

<loo 

96 
4.8 

<300 

44 
<5 
<1 

10 

<40 

2.2 
16 
4.0 

Trace (e) 
4.4 

*May be caused by cross sparking of a copper chloride sample a l so  i n  the  
the mass spectrometer. 
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Before using lithium fluoride for experimentation, the material was 

dried at about 120 C under vacuum. 

were treated in the same manner. 
The samples submitted for analysis 

Tetramethylammonium Fluoride. 

TMA-F #1, was obtained from the Ozark-Mahoning Company, but a product 
supplied by the Aldrich Chemical Company, Inc., TMA'F #2, appeared to 
be a much drier product. 

tent on the order of 20 percent for "MASF #2, however. 
plied by Southwestern Analytical Chemicals, fnc., TMA-F #3 and TMA-F #4, 
had a somewhat cakey appearance and a relatively high water content of  

these products was suspected; but no significant impurities were found 

in TMA-F #3 by emission spectrography. 

A special grade tetramethylammonium fluoride, 

Emission spectrography revealed a sodium con- 

Two products sup- 

No results could be obtained by spark source mass spectrography because 
the sample lost its consistency upon exposure to vacuum and could not be 

sparked; TMAsF undergoes thermal decomposition to (CH ) N, CH5, and CH F 
in a vacuum of 0 . 5  to 1 mm Hg according to Ref. 16, and decomposition 
could be expected to occur at room temperature at a vacuum of  lo-' to 

3 3  3 

mm Kg, which are the conditions in the mass spectrometer. 

A completely satisfactory tetramethylammonium fluoride product was there- 
fore not available f o r  testing, and only limited, preliminary studies 

were performed with this compound. 

Tetramethylammonium Hexafluorophosphate. A product supplied by the 

Ozark-Mahoning Coapany, Tm-PF6 #1, was used for experimental work without 
further purification. Analysis results are given in Table 16. 

A complete determination of organic impurities would have been very dii- 
ficult and was not attempted. 

no other organic constituents than tetramethylammonium were detected. It 

During the course of the NMEt investigations, 

was expected, however, that only organic impurities present at concentra- 

tions of 1 percent or higher would have been noticed. 
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TABLE 16 

Empuri t y  

L i  

B 

0 

N a  

S 

C 1  

K 

cu  

Zn 

I% 
S i  

Fe 

Ca 

IMmTRIm CONCENTRATIONS I N  TMA.PF6 #1 

DETEBMINED BY SPARK SOURCE MASS SPECTROMETRY 

AM) EMISSION sPEcTRoscoPY 

Sfiark Source Mass Spectrometry - 

Detect ion L i m i t ,  
ppm atomic 

1 

3 
3 
1 

23 

- 

Content, 
ppm atomic 

27 

5.7 
29Q 

8.3 
N o t  

de tec t  e d 

960* 

2.3 

2400* 

27 

-- 

Cont en t  , 
ppm per  weight 

20 

6.8 
510 

20.9 

<70 

3720* 

16700* 

194 

9.9 

Emission 
Spectroscopy 

Content, 
ppm per  weight 

<loo 

<300 

5.2 

<loo 
8 

50 
Trace(e30) 

25 

*May be caused by r e s idua l s  i n  t h e  mass spectrometer 
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Tetraethylammonium Fluoride. The tetraethylamo flu 
was supplied by Southwestern Analytical Chemicals, Inc. 
dissolved in PC which contained less than 5-ppm water. 
solution was observed which was accelerated upon exposure to 60 6 ;  the 
nature of the decomposition reaction was not determined. 
tent of this solution was 3.1 percent according to Karl Fischer titration, 

which corresponds to approximately 25-percent H20 content of TEA-F #l. 

The water con- 

Direct drying of TEA-F was not possible because of decomposition. 

f ication procedure used at the Livingston Electronic Laboratory (Ref. 17) 
was therefore employed. 

A puri- 

The T E A e F  was first recrystallized from aceto- 
nitrile, and needles with a neat appearance were obtained. A solution was 

made up in propylene carbonate, and the analysis by Karl Fischer indicated 
a water content of 13 percent of the recrystallized product. 
tion was also tested in a vapor phase chromatographic procedure involving 
a Porapak Q column and a precolumn to retain the solid part of  the sample; 
this test indicated a water content of 8 percent based on the TEA-F. 

This solu- 

A further step of the purification procedure involved the removal o f  water 

by distilling off a benzene-water azeotrope. The water content, based 
on TEA-F, was found to be 6 percent according to a Karl Fischer titration 
and 2 percent as indicated by the VPC technique. 
300 ppm (based on the total approximately 1 molar solutian) remained even 

after prolonged exposure to vacuum. NMn investigations indicated that 
the lower value (i .e., the one obtained by VPC) is more realistic. 
may be decomposition products of TEA-F interfering in the Karl Fischer 
titration, causing that value to appear too high. 

A benzene content of 

There 

The final TEA*F/PC solution was discolored yellowish. 
tetraethylammonium in this solution was verified by NMR, but an equiva- 

lent fluoride content could not be found. 

be observed in NMR investigations, and a direct analysis indicated a 

fluoride content of only about 0.005 molar. 

made in this system. 

The presence of 

The F1’ resonance coul’d not 

No extensive studies were 
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A solution of lit 
in methyl formate was obtained from Living 

where it was made by metathesis from LiBF4 

in this report will designate the use of this solution. 

The solution was analyzed by atomic absorption for lithium (2.27 moles/ 

liter), potassium (0.035 M), and boron (0.010 M). 
boron contents are due to the solubility of K3F4. 

ratio is not stoichiometric for KBF4 because the metathesis was not per- 
formed entirely stoichiometrically. 

The potassium and the 
The potassium to boron 

Analysis of the solution for water and methanol will be discussed later. 

Aluminum Chloride. Two bakches of aluminum chloride supplied by Rocky 

Mountain Research, Inc., A1C13 #3 and AlC13 #4, were used without puri- 
fication. Analysis results are presented in Table 17 and 18- 

The purity of 99.999 percent claimed by the supplier refers to the metal 
aluminum only. The metallic impurities were low indeed, although there 
was a considerably higher content than 10 ppm. The high value of titanium 

in AlCl 

was found only in some of the exposures. 

is probably also not a bulk figure. 

#3 is probably due to an inhomogeneity in the sample because it 3 
The fluorine content in AlCl #4 3 

A high oxygen content was obtained for both products. This was most likely 

caused by contamination from the laboratory atmosphere to which the samples 
were very briefly exposed, whereby the visible appearance of the sample 

surface slightly changed. 
surface of the AlCl 

The fact that higher values were found at the 
#4 sample supports the above assumption. 3 
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CONCENTRATIO 
OTJBCE MASS SPECTROMETRY 

.mpuri ty 

L i  

Be 

B 

C 

N 
0 

S i  

F 

Na 

Mg 
P 

K 

Ca 

T i  

Cr 

Fe 

co 

N i  

cu 

Zn 

Nb 
Sb 

~ 

Detection 
L i m i t  

Spark Source Mass Spec 

Content, 
ppm atomic 

0.2 

0.3 
1 

1 

1 

1 

0.3 

1 

1 

0.5 
1 

1 

1 

1 

1 

1 

1 

5 
1 

2 

2 

\Tot determined 

1.4  

0.64 

91 
58 

2700 

24 

57 
130 

51 
7.6 
4.9 

(540) 

56 
2.2 

20 

4.4 

8.3 
5.8 
6.3 

52 

rometry 

ipm per weight 
Content, 

0.4 

0.21 

33 
24 

1300 

14 

40 

95 
47 

8.9 
50.9 

3.4 

(780) 

94 

35 

16 
11.3 

7.8 

18 

(Sample I), 
PPm Per 
weight 

<50 

<30 

<0.3 

28 

400 

9.2 

<300 

<4 

<1 
12 

<3 

<3 

9.8 

21 

<loo 

<40 

<200 

(Sample 2) 
PPn Per 
weight 

<50 
<0.3 

<30 

54 

<108 
12 

<30q 

22 

<4 
<1 

<10 

<3 
<3 
59 

<loo 
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TABLE 18 

IMPURITY CONCENWTIONS I N  A1C17 #4 DETERMINED BY SPARK 

SOURCE MASS SPEICTROMMEY AND EMISSION SPEXXROSCOPY 

*Higher values on surface expsoures only -Reported for comparison 
purposes only 



- Boron Trifluoride. 

BF #1, was procured from the Matheson Company, Inc., for use on the pro- 

gram (without purification). 

spectrometer. 

centration was determined to be greater than 1 mole percent. 

the mass spectrometer was extensively passivated, the (BOF) 3 
not be present in the sample, but may instead be generated inside the 
mass spectrometer. Fisher, Lehmann, and Shapiro (Ref. 18) report that 
(BOF)3 is not stable at temperatures below 250 C, and that a sample of 
(BOF)3 is essentially decomposed 099 percent) after 1 hour at 25 C. 
Thus, the (BOF) 
mass spectrometer and is not actually present in the BF sample. Per- 

manent gases, such as SiF4, CF4, N2, 02, and SF6, were not detected and, 
consequently, were present at concentrations less than 0.1 mole percent, 

which is the detec-i;ion limit for these species (fluorine cannot be de- 

A cylinder of chemically pure grade boron trifluoride, 

3 
It was analyzed using a CM: 21-10 

Trifluoroboroxime was the only impurity found. 

Although 
found may 

found ir this analysis must have been generated in the 3 
3 

tected mass spectrometrically in the presence of large amounts of boron 

trif luoride) . 

The BF was also analyzed by gas chromatography using a Halocarbon Oil 

13-21 on a Chromasorb W column but the results were inconclusive; peaks 
were found but they were not reproducible, indicating that the sample 

was incompatible with the packing or the column had not been completely 

passivated. 

3 

The infrared spectrum of BF 
windows containing 80 millimeters of BF 
cm 'on a Perkin Elmer Infracord, Model 137. 

than those expected for BF 

by measuring the absorbance at 3878 cm 
meter (a calibration curve was prepared by measuring the absorbance of 
hydrogen fluoride at various pressurca). 

in a 5-centimeter cell with silver chloride 3 
was recorded from 670 t o  3500 

No peaks were found other 
3 

Hydrogen fluoride was determined 

- 

(Ref. 19). 
-1 3 

on a Cary 14 recording spectro- 

51 



In a first determination, using a 10-centimeter cell with calcium fluoride 
windows at a sample pressure of 653 millimeters, a peak was found for 
hydrogen fluoride, but the peak height was approximately the same as the 
baseline noise and was at the limit o f  detection. The determination was 

repeated using a 10-centimeter cell with sapphire windows and a sample 

pressure of 1495 millimeters. The peak height again was on the order of 
the baseline noise. The actual €LE’ content was therefore at the limit of 

detection, 200 ppm, or  less. 

Phosphorous Pentafluoride. 

fluoride, PF 5 
and used without purification. 

Chemically pure grade phosphorous penta- 

#1 was obtained from the Research Organic Chemical Company 

The only impurity found in PF 
centration being greater than 1 percent. A s  in the case of  BF the 
oxygen-containing impurity found may not be present in the PF 
may be generated inside the mass spectrometer. Permanent gases, such as 

#1 by mass spectrometry was POF its con- 5 3’  
7’ 
sample but 5 

SiF4, cF4, N2, 02, and SF 
at concentrations greater than 0 . 1  mole percent. 
mass spectrometrically in the presence of a large 

7’ the major species generated by ionization of PF 
generated by the ionization of PF In addition, 

tected because fluoride ions are also produced by 

were not detected, and 6 

5’ 

The analyses of PF by gas chromatography using a 5 

hence were not present 
PF cannot be determined 

excess of PF because 5 
i.e., PF2 , is also 
fluorine cannot be de- 

5 ’  the ionization of PF 

’3 

+ 

column of Halocarbon 

Oil 13-21 on Kel F was inconclusive. Peaks were obtained but they were 
not reproducible, indicating incompatibility with column packing or that 
the column had not been completely passivated. 

The phosphorous pentafluoride was analyzed by infrared spectrometry to 

supplement the mass spectrometric results. 
pentafluoride at 720 millimeters is shown in Fig. 9 ; it was recorded on 
a Perkin Elmer Infracord, Model 137, using a 10-centimeter cell with 

The spectrum of phosphorous 
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s i l v e r  ch lo r ide  windows. T 
POF and t h e  peaks a t  

peaks a r e  those expecte 

A mixture of 20-millimeter 

pany, no p u r i t y  given) an 

t i o n  purposes. The absor 

func t ion  of t h e  p a r t i a l  p 

absorbance i n  t h e  PF #1 

at  860 and 890 cm-', r e spec t ive ly ,  o r  a concentrat ion of approximately 

0.2 percent  (by weight).  

3 

5 

The spectrum of POF 

c o e f f i c i e n t s  are ava i lab le .  

i s  v e r y  d i f f i c u l t  and an i n d i r e c t  method has been employed t o  determine 

the  ex t inc t ion  c o e f f i c i e n t .  

cm i s  due t o  t h e  s t r e t c h i n g  of t he  P-0 bond. Assuming t h a t  POCl and 

POF have similar c h a r a c t e r i s t i c s ,  t h e  ex t inc t ion  c o e f f i c i e n t  of t h e  P-0 

bond should be t h e  same f o r  these  two spec ies  even though the  absorpt ion 

frequency i s  d i f f e r e n t  due t o  t he  d i f fe rences  i n  the  masses of t h e  t w o  

spec ies .  

(Baker analyzed reagent grade) ,  and 700 mi l l imeters  of helium was  pre- 

pared and the  absorbance w a s  measured a t  1320 cm 

The absorbance of phosphorous oxychloride as a func t ion  of i t s  p a r t i a l  

pressure i s  shown i n  Fig.  lob. The minimum absorbance peak f o r  POF i n  

PF #1 had an absorbance of 0.08 (Fig.  

mi l l imeter  of P0ClT o r  approximately 700 ppm (by weight) of POF 

This absorbance w a s  repea ted ly  obtained but  some spec t r a  showing l a r g e r  

amounts of POF were a l s o  found. The l a r g e r  concentrat ions i n  these  

cases a r e  probably due t o  t h e  phosphorous pentaf luor ide  r eac t ing  wi th  

t r a c e s  of water.  The ac tua l  POF concentr i on  may a c t u a l l y  be l e s s  

than 300 ppm. The much g rea t e r  value foun f o r  POF by m a s s  spectrometry 

i s  due t o  incomplete p a s s i v a t i  

has been reported (Ref. 20 and 22) but  no ex t inc t ion  
3 

The prepara t ion  of POF wi th  a known p u r i t y  7 

The in tense  absorpt ion peak f o r  POF a t  1420 

3 
3 -1 

3 

A mixture of 13 mil l imeters  of phosphorous oxychloride,  POCIT 

-1 
a t  d i f f e r e n t  pressures .  

3 
9 ) ,  which corresponds t o  0.3 5 

5' i n  PF 3 

3 

3 
7 

i n1  e t  sys tem. 
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The HF concentration in the PF 
of a 500-millimeter sample in a 10-centimeter cell with calcium fluoride 
windows at 3878 cm , was 800 ppm. 

determined by measuring the absorbance 5' 

-1 

-7 Water. - Deionized distilled water with a typical conductivity of 5 x 10 
ohm cm was used throughout the program. A further characterization 

was not deemed necessary because water was added to the electrolytes only 

in small amounts, normally at the 1000 ppm level. 

-1 -1 

Cupric Fluoride. 
Mahoning Company, CuF2 #2, was analyzed by spark source mass spectro- 

graphy and emission spectrography. 
several impurities at levels above 100 ppm, Fe and Ni being considered 
the most critical ones. Another special product, CuF2 #3, was obtained 
from Ledoux and Company, the analysis results being listed in Table 20. 

Low impurity levels for metallic impurities were recorded. A large oxygen 
content of 1.5 percent by weight was revealed by SSMS together with signi- 

ficant amounts o f  carbon and some sulfur. 
was provided by the supplier of the chemical and was performed by the 
Associated Electrical Industries, Ltd., England, no figures for 0 ,  N, and 
C are given; nitrogen and oxygen could not be determined because of in- 

strument background, and in the case of carbon, a determination was im- 
possible because the sample was mixed with graphite. 

content appears to be due to the presence of a copper oxide rather than 
to an excessive water content because only small amounts of hydrogen 

were found. 
high impurity levels; a more satisfactory product did not seem to be 

avai 1 ab1 e .  

A special grade cupric fluoride product of the Ozark- 

The results of Table 19 indicate 

In the second analysis, which 

The high oxygen 

CuF #7 was used for measurements despite the relatively 2 

In an effort to prepare pure cupric fluoride, the fluorination of copRer 
arsenide was investigated but without success (Ref. 5 ). 
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IMPURITY CONCIESTTRATIONS IN CuF2 #2 DGTERMINED BY SPARK 
SOURCE MASS SPIVI'ROMETRY AND MISSION SPECTRI)SC 
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Cupric Chloride. Reagent grade cupric chloride from Fisher Scientific 

Company, CuCl #2, was analyzed and used for experimental work without 
purification. Analysis results presented in Table 21 indicate a satis- 

factory product; the lithium analysis was uncertain because of possible 

memory effects in the mass spectrometer o r  because of cross-sparking. 

2 

Tetrabutylammonium Tetraphenylboride. Tetrabutylammonium tetraphenylboride 
was prepared by metathesis of tetsabutylammonium bromide (TU-Br #1, 

Columbia Organic Chemicals Company, Inc. , polargraphic grade) and sodium 
tetraphenylboride (Na-TPB #1, Baker Adamson Laboratory Chemical, reagent 

grade) according to a procedure given in Ref. 23. 
Na-TPB in conductivity water were prepared (0.1 mole in 500 cc). 
tion of Na-TPB was allowed to drop through a fine filter into the TBA-Br solu- 

tion, and the bulky white precipitate was filtered and dried. 
rial was recrystallized three times from acetone and dried under vacuum 

at room temperature for 6 days. 
lized and dried under vacuum at 50 C for 2 days. It was given the designa- 

tion of TUaTPB #1 and was used without analysis for determination of 
equivalent ion conductances at infinite dilution. 

Solutions of TBA-Br and 

The solu- 

The mate- 

This material was subsequently recrystal- 

Sodium Tetraphenylboride. 
and Adamson Laboratory Chemical, reagent grade), NA*TPB #1, was used 
without analysis and purification to synthesize TBA-TPB #l. 

Reagent grade sodium tetraphenylboride (Baker 

Tetrabutylammonium Bromide. Polarographic grade tetrabutylamonium bro- 

mide (Columbia Organic Chemicals Company, Inc.), TEiA-Br #1, was used for 
.. 

determination of  equivalent ion conductances at infinite dilution and for 
synthesizing TBA-TPB. 
analysis . 

This chemical was used without purification and 

Tetramethylammonium Bromide. Polarographic grade tetramethylammonium 

bromide, TMA*Br #1, was obtained from Southwestern Analytical Chemicals 
and was used for conductance studies without analysis and purification. 
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mpurity 

K 
Li 

C 
N 
0 

F 
Na 

M g  
A1 

Si 

Ca 

P 

S 
K 

Ca 

Ti 

V 

Cr 
Mn 

Fe 
Ni 

*May be 

60 

TA3 

IMPURITY c 
DETERMINED BY 

AND EMISSION SPECTROSCOE 

Content, Detect ion Limit, 
ppm atomic 

3 
0.3 
1 

1 

1 

1 

0.3 

0.7 
0.5 
5 

1 

5 
0.3 
0.7 
1 

1 

1 

1 

1 
I 

Content, 
ppm atomic 

36 
1200* 

20 

15 
48 0 

16 
79 
1.1 

2.9 
Not 

de te c te d 

1.7 
27 
31 
2.9 
3.8 

13 
7.5 
3.7 

100 

46 - 

ppm per weight 

0.8 

1 9 P  
5 
5 

170 

7 
41 

0.6 
197 

< 3  

1.2 

19 
27 
2.6 
4.1 

15 
8.7 
4.5 

125 
60 

le to residuals in the mass spectrometer. 

EToli s s ion 
Spectroscopy 

Content, 
ppm per weigh1 

< 200 

4.1 

4.1 

8 .0  

6.9  

34 
Trace <10 



TABLE 21 
(Concluded) 

c t r ome t ry 

Content, 
ppm per weight 

8.9 
10.4 

16.2 

9 .5  
20 

2.8 

22 

125 

13.8 

12.0 

24.1 

Cmpur ity 

h i s s  i on 
Spectroscopy 

Content, 
ppm per weight 

11 

<IO0 

26 

Zn 
Ga 

As 

Se 

Br 

Ag 

Y 
Ru 

Cd 

Sn 
Sb 
Pb 

Spark Source Mass Sp 

Detection Limit, Content, 
ppm atomic I ppm atomic 

3 
0.7 
1 

2 

1 

e5 
0.7 
2 

3 
4 

3 
3 

6 . 1  

6 . 7  
9.7 
5.4 

11 

1.4 

9.7 
50 

5 . 2  

4 .4  

5 . 2  
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Lithium Bromide. The o p t i c a l  grade,  anhydrous l i t h ium bromide suppl ied 

by Gallard-Schlesinger Chemical Mfg. Corp., L i B r  #2, w a s  used f o r  conduct- 

ance s t u d i e s  without  ana lys i s  and a f t e r  drying under vacuum a t  e l e  

temperatures.  

PREPARATION OF SOLUTIONS 

E l e c t r o l y t e  so lu t ions  were prepared i n  t h e  dry  box as follows. 

t h e  s o l i d s  were placed i n  stoppered volumetric f l a s k s  and weighed roughly 

i n  t h e  inert-atmosphere box. 

weighed on an a n a l y t i c a l  balance. F i n a l l y ,  t h e  f l a s k s  were re turned  t o  

t h e  d ry  box where t h e  so lven t s  were added. Some so lu t ions  were s t i r r e d  

with a magnetic s t i r r e r  i n  t h e  d ry  box t o  achieve complete d i s so lu t ion .  

Some f l a s k s  were capped wi th  p l a s t i c  bags o r  rubber bal loons and removed 

t o  a constant  temperatnre ba th  a t  e leva ted  temperature f o r  f a s t e r  d i sso-  

l u t i o n  of t h e  s o l i d s .  Spec ia l  procedures were followed when gaseous 

s o l u t e s  were added, o r  when decomposition requi red  spec ia l  precaut ions 

as i n  t h e  case of A l C l  /PC; t hese  spec ia l  procedures a r e  discussed below. 

F i r s t ,  

Then, t h e  f l a s k s  were removed and accura te ly  

3 

The concentrat ions of so lu t ions  given i n  t h i s  r e p o r t  a r e  normally accurate  

t o  1 percent  o r  b e t t e r  (1 PI LiCIOk/PC, e . g . ,  a c t u a l l y  s tands  f o r  1.00 

kO.01 M L i C I O q / p C ) .  They a r e  normally given i n  mola r i t i e s  (moles per 

l i t e r  so lu t ion )  and a r e  based on 25 C. 

So lu t ions  Containing Aluminum Chloride 

Solu t ions  r e s u l t i n g  from d i s s o l u t i o n  of A l C l  

d i sco lo r  when being prepared, and a l s o  on standing. 

a c t i o n  of A l C l  i n  PC i s  exothermic, and a s t rong  d i sco lo ra t ion  i s  ob- 
3 

t a i n e d  i f  t h e  s o l u t i o n  i s  allowed t o  hea t  up ove ra l l  o r  l o c a l l y  when the  

s o l u t i o n  i s  prepared. 

could be Hade by adding the  s o l u t e  very  slowly, gra in  by g ra in ,  under 

vigorous s t i r r i n g ,  and t h i s  method had been used t o  prepare some A l C l  /PC 

so lu t ions .  

i n  PC have a tendency t o  
3 

The d i s so lu t ion  r e -  

I t  was found t h a t  on ly  s l i g h t l y  t i n t e d  s o l u t i o n  

3 
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Very light solutions were obtained by pr 

chloride, liquid nitrogen, and propylene carbonate an 

slurry warm very slowly. This procedure 

a modification of this proce 
volumetric flask to 1.iqui.d nitrogen temperature, the solvent was 
and the mixture was allowed to thaw with repeated partial refreezing. 
Solutions which were only slightly discolored were obtained in this way. 
which was somewhat more convenient than the grain-by-grain addition 

method. 

Some aspects of the preparation of LiCl + AlCl PC solutions with o r  

without copper halide, and of  LiCl + AlCl /DMF solutions, will be dis- 3 
cussed later in the Solubility Determinations section. Because of LiCl 
solubilities below 1 molar in PC and AN, 0 . 7  M LiCl + 1 M AlCl 
of these solvents were normally studied; the composition of such mixed 
solute electrolytes in DMF' was usually 1 M LiCl + 0.075 M AlCl 
of the low solubility of AlCl in this case. 

4 

solutions 3 

because 3 
3 

TM*F Solutions 

The preparation of TEA.F/PC was discussed earlier. 
TEASF is impossible because of decomposition, but removal o f  water from 

a solution appeared promising. 
a benzene-water azeotrope was not extended to DMF' solutions because it 
was suspected that adduct formation between H 0 and DMF would prevent 
success of this approach. 

Drying the solid 

The process which involves distilling off 

2 

LiAsF6/MF' 

Solutions were made by diluting the stock solution supplied by Honeywell's 
Livingston Electronic Laboratories with methyl formate. 

usually 1:1, and a 1.13 M LiAsF 
The solvent code designates the methyl formate batch from which MF was 

added. 

The dilution was 

MF was normally used for experimentation, d 
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Lithium tetrafluoroborate solutions were prepared ts 
of gaseous BF 
A calibrated stainless-steel vacuum line with Teflon traps was used after 
prepassivation. The BF dissolved readily, and also the LiF "dissolved'' 

3 
in the presence of BF according to the reaction 

under moderate cooling to slurries of LiF in the solvents. 3' 

3 

+ - LiF + EF = Li + BF4 
3 

This reaction requires ample time for completion, and vigorous stirring 
is beneficial. 
analysis for lithium and boron. 

The composition of the final solutions was checked by 

PF5 was added to a slurry of LiF in PC at 0 C using a prepassivated 
stainless-steel vacuum system. 

dark with a reddish purple appearance. Such discoloration was also ob- 

served by other investigators. 

The resulting solution was colored fairly 

HANDLING OF CHEMICALS AND GLASSWARE 

Pure chemicals were handled exclusively in an inert-atmosphere box under 
a dry nitrogen atmosphere. A dry bag was set up to store bottled chemi- 
cals under dry nitrogen to minimize water uptake; this could occur by 

breathing as the bottles experience temperature fluctuations. 

The glassware used for purifying solvents and preparing and storing solu- 

tions was treated according to the following procedure. 
in hot nitric acid-water (l:l), the glassware was rinsed thoroughly with 
deionized water, dried in a regular oven, and finally heated to 250 C 

in a special oven f o r  several hours under a current of dry nitrogen. 
After the glassware was dried in such a manner, it was immediately trans- 
ferred to the inert-a 

After cleaning 
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Glass apparatus such as used f o r  vapor pressure and t ransference  measure- 

ments, and NprIR sample tubes were subjected t o  t h e  same treatment.  More 

d e l i c a t e  apparatus such as t h e  ca lor imeter ,  conduct iv i ty ,  and d i e l e c t r i c  

constant  c e l l s  could not  be exposed t o  higher terapera-tures and were there-  

f o r e  c a r e f u l l y  dried' a f t e r  washing wi th  organic so lvents  and/or were ade- 

qua te ly  r in sed  wi th  the  t e s t  so lu t ion .  

SENSITIVITY TESTING OF PERGHLORATE SOLUTIONS 

Lithium perchlora te  so lu t ions  such as a r e  being prepared on t h i s  program 

a r e  thermodynamically uns tab le .  A po ten t i a l  explosive fo rce  can be calcu- 

l a t e d  from thermodynamic da ta  according t o  Ref. 24(nRT-method). 

ca l cu la t ed ,  f o r  i n s t ance ,  t h a t  2 M LiClO /DMF has 52.6 percent  of t he  

explosive fo rce  of TNT. 

I t  w a s  

4 

S e n s i t i v i t y  t e s t s  were performed wi th  2 M LiC104 #2/PC #2-11, 3.5 M LiC104 

#2/DMF #6-3, and sa tu ra t ed  LiC104 #2/AN #4-2 ( l e s s  than 2 m o l a r ) .  

so lu t ions  were subjected t o  250 i n . - l b  of impact on a modified J e t  Pro- 

puls ion Laboratory impact t e s t e r  and t o  72 inches by 2 pounds on an Olin- 

Matheson drop weight t e s t e r .  

These 

A l l  responses were negative.  

Although these t e s t s  seem t o  i n d i c a t e  t h a t  t he  above so lu t ions  can be 

handled s a f e l y ,  such s e n s i t i v i t y  t e s t s  a r e  never completely conclusive. 

The same so lu t ions  could give p o s i t i v e  r e s u l t s  on d i f f e r e n t  types of 

t e s t s ;  f o r  example, they could c o n s t i t u t e  an explosive hazard upon hea t ing ,  

sparking, e t c .  
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STRUCTURAL STUDIES 

The structural studies reported here are based upon measurements made 
with high resolution and broadline nuclear magnetic resonance (NMR) spec- 
trometers and an electron paramagnetic resonance (EPR) spectrometer. 
These instruments will be briefly described. It is most convenient to 
divided the discussion of structural findings into four classifications: 

1. Electrolytes containing aluminum and lithium ions 

2. Electrolytes containing cupric ions 

3 .  Electrolytes containing quarternary ammonium ions, and 

4. LiAsF&€E’ electrolytes 

INSTRUMENTAT I ON 

1 19 Early in the program high resolution proton (H ) and fluorine (F 

measurements were msde utilizing a Varian Associated DP-60 NMR spectrom- 
eter. About midway in the program, thiAinstrument was modified to 
include an internal lock feature so that its high resolution capabilities 

are now equivalent to a model m-60 IL. 

) 

Broadline NMR measurements were 

made with an in-house assembled spectrometer. 
of a Varian Associates Variable Frequency R . F .  Unit, Varian Associates 
PTobes, a Princeton Applied Research Corp. coherent amplifier, Model IIR-8, 

and some auxiliary electronics. The magnet utilized for broadline meas- 
uremeats was a Magnion 12-inch magnet powered with a Varian Associates 
Field Dial power supply. 
ments which were made with a Strand Labs EPR spectrometer. 
trometer was modified slightly to permit the use of the BR-8 for signal 
processing. 

This spectrometer consisted 

This magnet was also used for the EPR measure- 
This spec- 
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ELECTROLYTES CONTAINING ALUMIMJM AND LITEIUM IONS 

AlCl,, LiC1, LiClO, in DMF 

The A1C13/DMF system has been investigated by several workers at this 

writing. 
addition to those found in neat DMF, in the high resolution proton NMR 

Early work (Ref. 25) reported the observation of peaks, in 

spectrum which have been attributed to DMF molecules, which are being 
coordinated by A l f 7  ions. 
between DMF molecules and Al+’ is sufficiently strong so that the exchange 
rate be%ween the coordinated molecules and the bulk solvent molecules is 

slow on an NMR time scale. 
solutions which had some water added to increase the solubility of AlCl 

in DMF. Inasmuch as it was inherent in the objectives of the work 
reported here that very pure; water-free electrolytes be characterized, 

the type of work that had been reported was repeated using water-free 

solvents. 

This observation shows that the interaction 

The work reported in Ref. 25 was done with 

3 

Figure 11 shows the high resolution proton spectrum for pure DMF #4-2, 
while Fig. 12 shows the same spectrum for 0.0528 M A l C l  

The distinguishing features of the latter spectrum as indicated by the 
vertical arrows are the additional peaks due to coordinated DMF molecules. 
The down-field shift is greater for the aldehyde proton than for the methyl 
protons. These shifts are in agreement with previously reported (Ref. 2 5 )  

values. Thus, the water added in the measurements reported in Ref. 25 

apparently had little effect on the measurements. 

all the AlCl that is dissolved provides Al+3 ions, integration of the 
areas under the domtield shifted peaks and the bulk DMF peaks gives a 
coordination number of six. Thus, for AlCl in W, the cation species 
formed is A~[DME~~+’. This is substantiated by the observation that the 
A127 broadline NMR spectrum is one line that occurs at a field quite near 

#3/DMF #4-2. 3 

If it is assumed that 

3 

3 

(therefore having a quite small chemical shift relative to) the A127 line 
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I 
The large peak'nn the  l e f t  i e !  due t o  t h e  

aldehyde proton while  the  doublet  on t h e  

r i g h t  is due t o  the methyl protons.  The 

small peaks denoted by the  arrows are 
C1' r i d e  bands. 

/I 
! 

1 Figure 11. €I Spectrum f o r  Pure DMF 
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3 
The C13!j line was observed to occur at essentially the same 

in a reference solution, consisting of a slightly acidic aqueous AlCl 
solution. 

field as the chloride ion (see later discussion) s o  that the anion 

species is C1- as expected. 

The general character of the spectrum shown in Fig. 12 is not changed 
with the addition of LiC1. Furthermore, the high resolution proton spec- 

trum in pure DMF (no AlCl ) containing both 0.1 and 1 M LiC104 has the 3 
same general characteristics as that shown for neat DMF in Fig. 11 . 
Thus, the species obtained on dissolving LiCl and LiClO in pure DMF' do 
not have as large an effect on the solvent proton spectrum as does AlCl 
If solvation effects are occurring, the exchange rate at room tempera- 
ture is high on the NMR time scale. 

4 
3' 

7 The Li 
which saturated quite readily. This saturation behavior which is due 

to a long spin lattice relaxation time, T1, is quite characteristic of 
Li lines in ionic solids (Ref. 26). It has been shown (Ref. 26) that 
the generation of paramagnetic impurities in ionic solids appreciably 
decreases T1, thus reducing greatly the saturation effects. 
ration studies were made on LiCl/DMF solutions with CuCl 2 
paramagnetic species (these species are discussed later). 

spectrum in all of the above systems consisted of a single line 

7 

Some satu- 
which contain 

1 Broadline H 

as a function of radio-frequency power (this was done 2 weeks after 

sample preparation), to demonstrate the effect of the paramagnetic 

species on the relaxation time of these resonances. 

and Li7 spectra were recorded in several o f  these specimens 

As expected, the 
1 

2 saturation behavior of the H resonances in DMF containing LiCl and CuCl 

differs from that in neat DMF. The lihe saturates less readily in the 
CMF containing CuC12 as a result of increased relaxation via interaction 
of protons with the spin of the paramagnetic species. However, the 

saturation behavior of the Li7 line in 1 M LiCl + 2 M CuCf2/W is the 
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same as it is in 1-molar lithium chloride solution (LiC1 #2/DMF #5-2). 
This indicates that the relaxation of the Li resonance is not affected 

by the paramagnetic species. This may be due to "shielding" of the Li+ 

ions from the paramagnetic species by coordinated molecules surrounding 
the paramagnetic species, and/or molecules coordinated by the Li+ ions, 

or because the paramagnetic copper species have structures similar to 

CuC14 with the paramagnetic electron in the center of the structure. 
The high resolution H1 spectra of 1 M LiCl/DMF do not show coordinated 
peaks; however, Li ions are expected to coordinate less strongly than 
Al" ions resulting in much higher exchange rates, which would preclude 
the observation of coordinated peaks at room temperature. 

-2 

+ 

As discussed later, the EPR measurements in 1 M LiCl + 2 M CuC12/DMF 
show no solvent complexed copper ion. This indicates that the decrease 
in saturation effects of the protons may be caused by interaction with 
the paramagnetic chloride complex. Because this complex is negatively 
charged, the Li+ ions should interact at least as readily as the protons. 
If this is the situation, then the fact that they don't interact would 

have to be explained on the basis of shielding by DMF molecules, giving 
indirect evidence of Lif solvation in DMF. 

The C135 resonance was also investigated in LiCl/DMF and LiClO /DMF solu- 
tions. 
field as the C135 line from the C1- ion in 3 M LiC1/H20, and in 0.1 M and 
1 M LiC104/DMF the C135 line occurs about 975 ppm down-field from this line. 

4 
In 0.1 M and 1 M LiCl/DMF, the C135 resonance occurs at the same 

The C135 line in LiClO /DMF is quite narrow, indicating very little quad- 4 
rupole interaction. 

Furthermore, the chemical shift of 975 ppm compares quite well with the 
97O-ppm shift reported (Ref. 27 ) for the ClO, ion. 

This is as expected for the tetrahedral ClO, ion. 
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As a check on the results for the chemical shift of the C135 line in 

1 M LiCl/DMF, the C135 spectrum which consists of two C135 lines as  shown 

in Fig. 13, was observed in a 0.5 M LiCl + 0.5 M LiC104/DMF. 
line on the left is from the ClO, ion. 

upfield from the ClO, line. 

ClO, and the CIJT from the C1- ion in 3 M LiCl and so corroborates that 

the anion in LiCl/DMF is the C1- ion. 
dispersion mode because the saturation behavior of the C10- line prohibited 

showing both lines in the same run using the absorption mode. 

The narrower 

The broader 1ine.is about 955 +l5 ppm 
This shift is quite close to the shift between 

This spectrum was taken using the 

4 

A recent paper (Ref. 28) has reported some interesting results in the 
Al(C10,)3 and AlX3/DMF systems, where X = C1, B r  and I. 
by adding LiX to the systems resulted in increases of the down-field shiff 
of the proton lines of the coordinated DMF. 
terms of a second coordination sphere interaction involving X- ions and/or 
pairing of Al[DMF]6'3 with X- ions. 

Addition of X- 

This has been interpreted in 

The gross  picture, thus, for AlCl dissolved in DMF is the formation of  

well-defined Al{BP] gf3 species, the only aluminum-containing species as 
the cation and C1- as the anion, with possible interaction and/or ion 
pairing of these species. 

and additional C1- ions to possibly increase any interaction between 
Al[DMF]gf3 and C1- ions. LiCl and LiCIOk in DMF produce Li' ions plus 

C1- and ClO, ions, respectively. The question of ion pairing of these 

ions is unanswered. 

behavior, for example, and the r'esults of  mobility measurements as 

described elsewhere, that suggests that Li' is solvated by DMF; however, 

no direct evidence has been found to date. 

3 

Adding LiCl to this system provides Li' ions 

There is indirect evidence, the Li7 line saturation 

AlCl,, LiC1, LiC10, in AN 

For completeness, large portions of this section are taken directly from 

Ref. 29 which is a published account of some of  the findings in the LiC1+ 

AlCl AN system. 7/ 



ZCSM 

Figure 13. Broadline ~ 1 3 ~  Spectrum of 0.5 M LiCl + 0.5 M 
L i C 1 0 4 / ~  
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High resolution proton resonance spectra taken at ambient t 
(-35 C) for pure acetonitrile (AN),  1 M AlCl 
rated with LiCl are shown in Fig. 14, 15, and 16, respectively. Figure 15 
shows the down-field shift of coordinated AN which has been previously 
reported (Ref.30) and a noticeable broadening of both of the resonant 
lines. 
imately 0.92 M LiCl is dissolved in .1 M A l C l  /AN at saturation at room 

temperature. 

decrease in the population of coordinated AN, while the line width returns 
27 to essentially that of pure AN. 

are shown in Fig. 17 for 1 M A1C13/AN containing several concentrations 

of LiC1. The important features of  these spectra are that, firstly, there 

are two A127 lines in all cases except for the specimen that is saturated 

AN and 1 M AlCl /AN satu- 4 3 

Figure 16 shows the result of adding LiCl to 1 M AlCl /AN, approx- 3 
3 

The addition of chloride ions to 1 M AlCl /AN results in a 3 

Broad-line aluminum (A1 ) resonances 

with LiCl, secondly, both of these lines are quite narrow, and, thirdly, 
the down-field line is approximately three times as intense as the up- 

field line in the specimen with no LiC1. Thus, there are apparently two 

aluminum environments in the 1 M AlCl /AN solution. 3 

The simplest explanation is that tnere are two aluminum-containing 
species. The relaxation times of the two lines are quite different, with 

the low-field line relaxing much more slowly than the up-field line. 
This necessitated recording the spectra at very low R.F. levels. At 
higher R.F. levels the low-field line saturated and the apparent intencity 
(peak-to-peak recorder deflections) would appear to be much less than the 

up-field line. The actual field scan, not shown in Fig'. 17, was over 
100 gauss in initial observations but no other lines were found. 

Chemical shift measurements in these specimens showed that the smaller 

up-f ield line and the reference A127 line were nearly superimposed. 
the chemical shift of the up-field line relative to the reference was 
less than 14 ppm. 
erence was about 110 ppm. 

Thus, 

The shift of the down-field line relative to the ref- 
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The most important features of these resulks are,first, that two aluminum 

species exist in 1 M AlCl /AN,only one of  which coordinates solvent (AN) 
molecules,and, secondly, that addition of LiCl changes the relative popula- 
tion of the two species. Both A127 lines are quite narrow, so that both 
of these species must be such that the symmetry of the aluminum site in 
the species is high, at least tetrahedral. 
moment, any lesser symmetry would give rise to R quadrupolar broadened 
line. It should be noted that these results are concerned with major 
aluminum-containing species only. Other aluminium species may be pres- 
ent in small, unobservable concentrations. 

3 

Because A127 has a quadrupole 

The following reaction is proposed t o  occur when A1C13 is dissolved in AN: 

AlCl i- n/4 AN-1/4 A~[AN]~+’ + 314 A1C14- 3 

where n denotes the number of coordinated AN. This reaction is selected 

because it gives rise to a tetrahedral species 
species which is highly symmetrical for reasonable values of n. 
more, the ratio of coordinating A1 species to noncoordinating A1 species 

is 1/3, which is consistent with the experimental results. 
reaction provides results consistent with the qualitative relaxation 

time observations. It is expected that spin-spin relaxation in the AlCl- 4 
would be much slower than in the A~[AN-]~+’ because of the much lower mag- 

netic moments of C135 and C137 compared to that of the protons in AN. 

AN14 and a solvated 

Further- 

Also , this 

The above reaction can also be used to,explain the results obtained when 
LiCl is added t o  1 M AlCl /AN. It is assumed that addition of LiCl pro- 
vides Li+ and C1- ions. Reaction 1 can be considered to be displaying 

the results of a competition between C1- and AN in complexing Alf3 in 
which C1- is a stronger complexing agent, when forming A l C l , .  

the C1- concentration is considerably smaller than that of AN in 1 M AlCl /AN.) 

Because C1- is the stronger, AI? complexes only those Al+’ which remain after 

3 

(Note that 

3 
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all the C1- is utilized. 
reaction to continue. 

reaction. Apparently, the reaction will not go to completion because 
the saturation concentration of LiCl in 1 M AlCl /AN was found to be less 
than 1 M (0.92 M). 

Providing additional Cl- ions permits the 
1 M LiCl (1 M C1-) would allow completion of the 

3 

Using the peak-to-peak deflection on the derivative curves shown in Fig. 
17 as a rough measure of the relative intensity, the change in concentra- 
tions with added LiCl can be approximated. This is shown in Fig. 18 
compared with the solid line which is based on the reaction: 

1 - + x c 1 z y  Al[A,N],+7 + AlC1; + AN (2) - 4 Al[AN]n+3 + A1C14 4 

where X is the concentration of LiCl added. The error bars in this figure 
reflect only the error in the ratio of the peak-to-peak deflections of 

the recorded spectra, These results cannot be considered quantitative 

because the two lines do not have the same width. Furthermore, as indi- 

caied in the results section, the relaxation time of the two lines was 

quite different, necessitating the recording of the lines at very low 
R . F .  levels. However, the results do agree with the solid curve rather 

well, thus substantiating reaction 2 . 
complexed species having sufficient symmetry is AlC16 

the reaction equivalent to reaction 1. 

Note that the next likely 61- 
-3 . In this case 

would be: 

(3) 2 AlCl + n AN+ Al[A.N]n+3 + AlC16 -3 
3 

where the relative population of A1[AN]n+3 would be 1/2, rather than 1/4, 
and it would take 3 M, rather than 1 M, of LiCl (Cl-) to complete a reac- 

tion of the type shown in reaction 2. 
observation, AlC16-3 has been discounted as a major species. 

Because this is contrary to 

One further feature o f  the spectrum shown in Fig. 15, namely the broad- 

ening of the peak due t o  coordinated AN, is readily explained on the 
basis of exchange effects if, at ambient temperature, the exchange rate 
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Figure 18, Approximate Relative Population of Coordinating A1 Species 
in 1 M AlCl /AN as a Function of Added LiC1. 3 
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in the 1 M A1C13/AN is of the order of the chemical shift. 
shows a comparison between the spectra at 30 C and at -23 C. 

temperature, the exchange hCs slowed to the extent that the lines have 
narrowed as expected. 

Figure 19 
At the lower 

The results as discussed above can be utilized.to obtain a true value for 

the coordination number,n, by using the area ratio method,taking into 
account the concentration of coordinating species in contrast t o  the 

solute concentration. Because the specimens were essentially free of 

water, no correction need be considered for the competition between AN 

and water coordination. 
and coordinated AN proton peeks, and using 1/4 as the ratio of coordinat- 

ing species concentration to solute concentration, the coordination num- 
ber of Al” in 1 M AlCl /AN is found to be 6-2. 3 
the area ratio are estimated to be about 5 percent. 
ratio of 1/4 cannot be determined from the considerations above. 

depend primarily on the extent that reaction 1 is complete. As indi- 
cated previously, 1 M LiCl would make reaction 2 

saturates the solution. This suggests that reaction 1 may not be com- 
plete. An incomplete reaction would result in a higher concentration of 
Al” and would reduce the experimentally determined coordination number. 
A coordination number of 6 is in good agreement with the findings for 
Alt7 in other solvents (Ref. 31 , 32, and 33). 

Using the ratio of the areas under the bulk AN 

The limits of error in 
The error in the 

It will 

complete but 0:92 M LiCl 

A s  will be discussed later, when LiC104 is dissolved in acetonitrile, 
C 1 0 4  is produced. 
LiC104 added rather than LiC1. 

were formed and because ClO.-is a relatively inert ion, that the popula- 

tion of the coordinating species would not be reduced showing the impor- 
tance of the C1- in the depletion of the coordinating species. The A127 
line for 0 - 5  M LiC104 #2 + 1 M A1C13 #3/AN #4-1 and 1 M LiC104 #2 + 1 M 
AlC1, #3/AN #4-1 is shown in Fig. 20.  

Two specimens of 1 M AlCl /AN were prepared with 3 
It was thought that because no C1- ions 

4 

As can be seen, contrary to expec- 
J 

3 tation, these spectra are different from the Ala spectra of 1 M AlCl 
#3/AN #4-1 shown in Fig. 20a0 Also, the H1 resonance indicates that the 
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population of t he  so lvent  coordinat ing spec ies  is decreased on addi t ion  

of LiC104. 

s imi l a r  e f f e c t  a s  LiC1, b u t  LiC104 is n o t  as e f f e c t i v e .  

M L i C l  reduces the  population of the  coordinating spec ie s  t o  the  poin t  

where it cannot be observed, L M  L i C l O  reduces the  population approx- 

imately t o  t h e  same e x t e n t  as  0.5 M LiC1. 

Thus, addi t ion  of LiC104 t o  1 M A l C l  /AN appears t o  have a 3 
Whereas 0-92 

4 

These r e s u l t s  might be explained on t h e  b a s i s  o f  t h e  formation of A1(C1O4); 

o r  A1(C104)6-3 spec ie s ,  though t h e  C104 ion  i s  no t  genera l ly  considered 

t o  be a complexing species .  

1 M A l C l  

- 
I f  t hese  spec ies  were formed i n  t h e  1 M LiClO + 4 

AN sysiemj t h e r e  would be th ree  aluminum-containing species:  
Al[AN]:( A1C14" and A1(C104)4. - ( o r  A l ( C l O 4 ) L 3 )  and th ree  A 1  l i n e s  

would r e s u l t  bu t  t h i s  was not observed. 

d i f f e rence  of t h e  chemical s h i f t s  of t h e  A127 l i n e  i n  t h e  anionic  spec ies  

were so small  t h a t  s epa ra t e  l i n e s  c o u l d  not be reso lved;  however, t h i s  

seems unl ike ly .  

This could be explained i f  the  

Al t e rna t ive ly ,  t he  r e s u l t s  can t e n t a t i v e l y  be in t e rp re t ed  i n  terms of a 

competit ion between C104 and AN i n  t h e  Al" coordinat ion sphere. The 

mixed complexes r e s u l t i n g  from such a competition would l i k e l y  be i n t e r -  

converted a t  t he  so lva t ion  exchange r a t e .  The r e s u l t i n g  spec ies  would, 

t he re fo re ,  be  asymmetric and t h e  resonance would be broader bu t  s t i l l  

centered a t  approximately t h e  same chemical s h i f t  value a s  t h e  pure s o l -  

vent  complex. However, un less  more information i s  obtained,  t h i s  expla- 

na t ion  must remain specula t ive .  

- 

I n  the  LiC104/AN system, no down-field s h i f t e d  peaks i n  the  prokon spec- 

trum were observed. Thus, i f  LiClO i n  AN has an e f f e c t  on the solvent ,  4 
i t  i s  smaller  than t h a t  caused by A l C l  3' 

J 7 The L i  
and 1 M LiC104/AN cons is ted  of a s i n g l e ,  e a s i l y  sa tu ra t ed  l i n e .  

spectrum i n  a l l  t h e  L iCl+AlCL AN e l e c t r o l y t e s  and i n  both 0.1M 
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A series of measurements was made in 0.1 M AlCl /AN, similar to the 

series made in 1 M AlCl /AN. 

of LiCl concentration up to 0.1 M, and the results showed qualitatively 
the same effect as in the 1 M A1C13/AN case. In the dilute series, the 
signal-to-noise ratio was an order of magnitude less so that the results 
were not as quantitative. The peak due to A l [ ~ q ~ + ~  did reduce with the 
addition of LiCl and was no longer observed with 0.1 M Lie1 added. 

3 
The Ala7 lines were recorded as a function 3 

The C135 line in 0.1 M and 1 M LiClO AN was narrow and shifted about 
975 ppm down-field from the C135 line for Cl’ in 3 M LiCl/%O and is, 
therefore, attributed to the C104 ion. C135 spectra for all of the 
LiCl+AlCl AN solutions consisted of a single broadline. When compared 
to a reference solution containing C1-, no chemical shift could be 
detected. 
being due to C1- ions in these solutions. 

these lines seemed too high to be consistent with this interpretation, 
so the C135 spectrum obtained from 1 M LiC104+1 M AlCl /AN was investi- 
gated further. Figure 21 shows this C135 spectrum taken in the disper- 
sion mode. Because of the quite different relaxation rates of the two 

lines they could not be recorded on the same scan in the absorption mode. 
The narrow line on the left is due to the C104 
remaining line, up-field from the C104 ion line,is considerably broader 
than the up-field line for C1- in 0.5 M LiCl + 0.5 M LiC104/DW shown in 
Fig. 13. Furthermore, careful measurements of the chemical shift of the 
righthand line relative to the C104 line in LiC104 + AlCl /AN showed it 
to be 876 215 ppm u9-field. This is appreciably less than the C1- them- 
ical shift relative to C104 . Because the line is so intense, because 
it is considerably broader than the 61- line in 1 M LiCP/DMF, and because 
it has a smaller chemical shift relative to C104 
is attributed to the chlorines in the A1C14 
and line widths have been reported f o r  several tetrachloride structures 

(Ref. 34). 

4/ 

- 

d 
Because of this result, it was earlier reported (Ref. 6 ) as 

However, the intensity of 

3 

ion. Note that the 
- 

- 
3 

- 

- 
than the C1- line, it 

- 
complex. Chemical shifts 

These structures give relatively broad lines and are shifted 
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Figure 21. C135 Magnetic Resonance in 1 M LiC104 + 1 M AlCl  AN J 
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- down-field from the C1- line. 
to C1- is small compared to the line width, the resonance due to C1- 
in these solutions would be obscured. 

no chemical shift could be found in the earlier measurements and is 
qualitatively consistent with the intensity of the observed line. 

Because the shift of the A1C14 relative 

This interpretation explains why 

As was discussed earlier, the broadening displayed in the spectrum shown 
in Fig. 15 (1 M AlCl is a result of exchange between coordinated 
and bulk AN molecules. 
for the resonating nucleus, in this case H1, the spectrum can be very 
sensitive t o  the exchange rates between the two sites. An analysis of 
this situation is described in Ref. 35 under conditions o f  very slow, 
very fast, and intermediate rates of exchange. In the case of slow 
exchange, separate resonances are observed, which is the case in this 
spectrum. 
of one of the lines (designated by A )  is given by 

AN J )  
When there are two chemically inequivalent sites 

2' Under these circumstances the transverse relaxation time, T 

-1 -1 -1 + r  7% = T u  A 

where 

relaxation time in site A without exchange 

= first-order lifetime in site A =TA 

A similar expression holds for the second site, B: 

-1 -1 -1 
72B = T2B + IB 

From the recorded spectra, the resonant frequency shift between the two 
sites, WA -OB, is 30.0 Ha, T2B 
mately 3.8 sec ; f2B 
7 

-1 -1 -1 is 3.4 sec , and r is approxi- 
is taken from the line width at half maximum. 

!2A -1 -1 

13 -l is estimated from the broadening of the line such that the C 2A 
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satellites, clearly shown in the spectrum of neat AN (Fig. 14), are 

just smeared out as displayed in the spectrum of Fig. 15. From the 
-1 -1 neatdN spectrum, T2 = 1.8 sec . Only approximate values are used 

here for qualitative discussion. 
the bulk and the coordinated AN molecules, respectively. From these 
data, ~~20.54 second. 
but it can only be obtained when no exchange is present. 

obtained from the low-temperature spectrum (Fig. 19) which shows essen- 
tially the same line width as the line in the pure solvent. Therefore, 

. Thus, 7,n0.05 second. This 2A T2B 
$on@; lifetime of a coordinated AN molecule corresponds to a very slow 
exchange rate of coordinated AN molecules with bulk AN molecules. 

The assignments A and B correspond to 

-1 To obtain T~ , T2B f o r  this site is required, 

T2B can be 

-1 -1 is taken to be the same as T 

From the above discussion, the species formed when AlCl 
AN are primarily A1 [AN]6+3 and A1C14 . Addition of  LiCl produces Li+ 

and more A1C14 
Some free C1- may be produced, but it is unobservable because the line 
width of the C135 line in A1C14 i s  large compared to the chemical shift 

relative to C1-. LiC104 in AN produces Li+ and C104 . 
solvation of Li' by AN occurs has not been determined, nor has informa- 
tion on ion pairing been obtained. 
additional work, particularly low-temperature and mixed-solvent experiments. 

is dissolved in 3 - 
- -t5 is formed, depleting the concentration of Al[ANI6 . 

- 
- 

Whether or  not 

Answers to these queshfions require 

A1C13, LiCl, LiC104/PC 

The results obtained for these solutes in PC parallel those obtained in 
AN in almost all respects. Figure 22 shows the proton spectrum in pure 

PC. 
of the methyl proton doublet (right side of Fig. 22), and Fig. 24 shows 
the proton spectrum near the complex pattern (left side of Fig. 22). 
Additional peaks, in both spectra, due to the addition of AlCl are shown 
by the vertical arrows. Thus, as in the AlCl /AN electrolyte, dissolving 
AlCl in PC produces coordinated PC as shown by the appearance of the new 

Figure 23 shows the proton spectrum for 1 M AlCl /PC in the vicinity 3 

3 
3 

3 
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. 
Yigure 22. High-Eesolction d Spectrm in Pure PC 
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The region scanned is  r e s t r i c t e d  t o  
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1 
Figure 23. High-Resolution H Spectrum i n  1.00 M A l C l  /PC 3 
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1 Figure 24. High-Resolution H Spectrum in 1.00 M AlCl  /PC J 
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down-field shifted peaks. As LiCl is added to 1 M AlCl /PC, these down- 
field peaks reduce in intensity. 
for several 1 M A1C13 #3/W #2-12 solutions containing different concen- 
trations of LiCl#2 using the broadline spectrometer. These spectra are 
shown in Fig. 25. Chemical shift measurements using a 1 M AlCl aqueous 3 
solution in the inner tube of a coaxial tube specimen show that the less 
intense line is that due to the coordinating Al-containxug species. 
data have been analyzed in the same manner as described above for LiCl + 
AlCl AN solutions. A plot of the relative concentration of the coordi- 
nating A1 species as a function of LiCl concentration is shown in Fig. 26. 
The results are very similar to those obtained for the LiCl + AlCl /AN 

series. Thus, the following major species reaction occurs in the AlCl PC 

solution as well: 

3 
The Al"' spectra have been recorded 

These 

d 
3 

d 

- 
4 AlC13 + n PC -+Al[PC]L3 + 3 A1C14 

The A127 spectra were obtained also for 0.1 M AlCl #3/PC #2-12. 
is shown in Fig. 27. 

for 1 M AlCl PC the spectra were recordd-auch slower with higher gain 
and longer time constant. The spectra show the same characteristics as 
those obtained from the 1 M AlCl PC, namely, two aluminum-containing 
apecies with relative intensities of 3 to 1. 
that the aluminum-containing species present in 0.1 M AlCl /PC do not 
differ from those in 1 M AlCl PC. 

This 3 
Because of the much lower signal (one-tenth of that 

d )  
J 

From this result, it appears 

3 
J 

Using the A127 results above and integration o f  the down-field and bulk 
methyl proton peaks shown in Fig. 23, a coordination number of 6 .3  is 
obtained for Al+3 in PC. 
inaccurate in this case because the peaks are fairly broad and there is 
some interference from the bulk PC peaks. Some measurements were taken 

at low temperature in an effort to remove the possible broadening effects 
of exchange. However, in PC, in contrast to the AN results reported 

Integration of the down-field peaks is somewhat 
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previously, the peaks due to the coordinated PC broadened further rather 
than becoming narrow. 

viscosity effects at lower temperatures. 

room temperatures, the peaks broadened and disappeared as would be 
expected on the basis of exchange effects. 

This can be explained on the basis of increased 

At temperatures higher than 

The spectrum of neat propylene carbonate (PC #2-12) was studied briefly 
under high resolution conditions. 
that the chemical shifts and coupling constants of the ring protons are 
quite similar in magnitude. This situation results in a very complex 
spectral pattern which cannot be assigned in terms of simple multiplets 
for each of the various proton environments. However, the spectral fea- 
tures due to resonance of the methyl protons are well removed from the 
ring proton signals. 
the simple pattern due to the methyl group provided all the necessary 
information. For the study of possible partial polymerization or other 
degradation reactions of propylene carbonate under the influence of alumi- 
num species, a further investigation of the spectra due to the ring pro- 

tons may be advantageous. 

The complexity of the spectrum suggests 

For the purpose of determining coordination nupiber, 

4 7 
7 Li 

were single lines and easily saturated as has been the case for all Li 
lines observed in these studies. 

lines in the LiCl+AlCl PC solutions and in 0.1 and 1 M LiC104/PC 

The C135 line in LiC1O4/PC consisted of the single narrow line of the 
C104 ion. 
ion in DMP and AN. 

which is attributed to the C1 in A1C14 . 
was much broader than in AM. 

in the C104 
effects of viscosity noted in the proton spectrum of 1 M AlCl /PC. 

- - 
This line was somewhat broader than that found for the C104 

The C135 line in LiCl+AlCl PC was a si - 4 
However, in this case the line 

The increased broadening of the ClJ5 line - - 
ion and the A1C14 ion in PC is most likely due to the 

3 
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Thus, i n  p a r a l l e l  t o  t h e  r e su l t s  obtained i n  AN so lu t ions ,  t h e  r e s u l t s  

obtained here  i n d i c a t e  t h a t  d i sso lv ing  DE A l C 1  

species Al[PC]6+3 p lus  A1C14 . Addition of L i C l  t o  A l C l  i n  PC produced 

Li+  and add i t iona l  A1C14 . 
i n  PC produced t h e  

3 
3 - 

- 

- 
LiC104 i n  PC produces L i+  and C104 . Additional measurements a t  l o w  

temperature and i n  mixed so lvents  would be required t o  determine the  

ex ten t  of poss ib le  so lva t ion  of Li+.  

ELECTBOLYTES CON!PAINING CUPRIC SPECIES 

Measurements were made i n  DMF, PC, and MF containing copper ha l ides ,  

with and without e l e c t r o l y t e  added. 

t h e  determinafion of spec ies  i n  CuC12 + LiCl/DMF. Work with t h i s  system 

was emphasized because of t h e  favorable  s o l u b i l i t i e s  and the  p o s s i b i l i t y  

of a s h i f t  i n  major spec ies  on addi t ion  o f  LiC1,  a s  observed i n  t h e  

AlC13  + L i C l  systems. 

i n g l y  so luble  systems could be r e a d i l y  in t e rp re t ed  i n  terms of t he  CuC12/BMF 

resu l t8 ,  a s  w i l l  be shown. 

A major e f f o r t  was d i rec ted  toward 

It was found t h a t  t he  observations on the  spar- 

The high r e s o l u t i o n  proton spec t ra  of so lu t ions  of CuO12 #2 i n  IMF #5-2 

with var ious amounts of L i C l # 2  were observed over a period of 6 months 

a s  reported i n  Ref. 5 . 
s o l u t i o n s  ( 0 ,  0 .5 ,  1, and 2 M LiC1)  a r e  reproduced i n  Fig.  28, 29,  30, 

and 31. 
broad l i n e s  and l a rge  separa t ion  of aldehyde and methyl resonances a s  

compared with t h e  spectrum of neat  DMF (Fig; 11) and t h e  decrease i n  

these  d i f f e rences  with add i t ion  of LiC1. The d i f fe rences  were a l s o  

observed t o  decrease with time a s  may be seen in the  s e r i e s  of spec t ra  

.taken 1 month a f t e r  preparat ion (Fig. 32, 33, 34, and 35). 

The spec t ra  of a s e r i e s  of f r e s h l y  prepared 

The primary f e a t u r e s  of i n t e r e s t  i n  these  spec t ra  a r e  the  very 

I n  addi t ion ,  
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Figure 28. Proton Spectrum in 1 M CuCl&", 
Freshly Prepared Specimen 
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Figure 29. Proton SP+C~AV in 0,s M LiCl + 1 M CuC12/DMF1 
Fruehly Prepared Specimen 
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Figure 30. Proton Spectrum i n  1 M LiCl + 1 M CuC12/MF, 
Freshly Prepared Specimen 
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Figure 31. Proton Spectrum in 2 M LiCl + 1 M CuC12/DMF, 
Freshly Prepared Specimen 
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Figure32. Proton Spectrum i n  1 M CuClz/DMF, 1 Month 
After Preparation 
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Figure 33. Proton Spectrum in 0.5 M L i C l  + 1 M Cuc'12/DMJ?, 
1 Month After Preparation 
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a smaller peak appeared down-field of the aldehyde proton resonance a few 
weeks after sample preparation. 
from the methyl group resonance appeared to approach a limiting value 

several months after preparation, as is shown in Fig. 36 and 37. For 
all the solutions in this series, the aldehyde resonance position and 
width approach the values observed in neat DMF. 
shown in the spectrum obtained for a 1 M CuC12/DMF 4 months after prep- 
aration (Fig. 3). 
different position for each concentration of LiC1. 

The separation of each of these peaks 

An example of this is 

The small down-field peak, however, approaches a 

Electron paramagnetic resonance spectra were recorded for the same 
CuC12 + LiCl/IW series. 
were observed. 
containing less than 1 M LiCl and is ascribed to the solvated cupric ion. 
This g value is iil good agreement with that reported for other solvent 
C U + ~  complexes (Ref. 36). 
solutions containing added LiC1. It is attributed to tetrahedral CuC14 

on the basis of this chloride dependence, a g value near that predicted 
for a regular tetrahedral complex, and the agreement in color with that 

discussed by Ballhausen (Ref. 37). 
nals are strongly dependent on the sample history. In particular, in 
1 M CuC12/DMF evidence of the CuC14 resonance has been observed as a 

shoulder on the edge of a strong solvent complex line in some samples, 
whereas only a weak solvent complex line is observed in a sample with a 

different storage history. Typical EPR spectra of 1 M CuC12/DMF solutions 
with LiCl added are shown in Fig.39 through 42. 
spectrum of the same green 1 M CuC12/DMF as Fig. 39 recorded at higher 

-2 gain, to demonstrate the small amount of CuCl 

The gain used to record 
was reduced by a factor of 2 and that for the 2 M LiCl + 1 M CuC12/DMF 
(Fig. 42) by 10. 
for these solutions are quite uncertain due to the dependence of the 

spectrometer sensitivity on the properties of the solution being examined; 

Two resonances centered at g = 2:Ol and g = 2.16 
The g = 2.16 resonance was observed only in solutions 

The line at g = 2.01 was much stronger in 
-2 

Relative intensities of the EPR sig- 

-2 

Figure 43 shows the 

present in this solution. 4 
the 1 M LiCl + 1 M CuC12/W spectrum (Fig. 41) 

Quantitative comparisons of the E m  signal intensities 
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Figure 39. EPR Spectrum of 1 M CuC12/1MF 
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Magnetic Fie ld  Increases 
From Left t o  Right. Line 

Figure 40, EPR Spectrum of 0.5 M L i C l  $- 1 M CuCl2/€W 
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Magnetic Fie ld  Increases 
From Left  t o  Right. Line 

I Centered a t  g = 2.01 

Figure 41. Ew1 Spectrum of 1 M L i C l  -I- 1 M CuC12/DMF 
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Magnetic F i e l d  Increases 
From Left t o  Right. Line 

Figure 42. EPR Spectrum of 2 M L i C l  + 1 M CuC12/DMF 
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Fignre 43. EPR Spectrum of 1 M CuC12/W a t  High Gain 
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the cavity Q depends upon the conductivity of the specimen. Thus, the 

smaller signal in 1 M LiCl + 1 M CuC12/DMF is probably due not only to 
the presence of le CuC14 but also to a 1 
when that solution s being observed. Measu s involving both the 
NMR and EPR spectra of the same electrolyte 
physical samples due to the differences in sample volume and sample tubes 
materials required for the measurements. 
samples could therefore not be obtained without terminating the sequence 
of NMR measurements, 

-2 

ade using different 

EPR spectra of the aging NMR 

1 7 Broadline H and Li magnetic resonance studies performed 

tions (see previous discussion) indicate that the solvent 

on these solu- 

molecules in 

2-week-old solutions are in contact with paramagnetic species while the 
lithium ion is shielded either by species associated with the paramag- 

netic center or by its own solvation sphere. 
to C135 could be detected in these solutions, indicating that the chlo- 

ride exists mainly in complexes connected to paramagnetic ions. 

No broadline resonance due 

A 0.1 M CuC12/F solution was observed to be yellow in color when 
freshly prepared. The proton NMR spectrum showed only a slight broaden- 
ing, but EFB resonances were found at Q = 2.16 and g = 2.01 as shown in 
Fig. 44. On standing a few days, the color faded and no sign of any 
cupric species could be detected in either the NMR or EFB spectra. 

An analysis of  the mailable data leads to the conclusion that several 
copper-containing species exist in 1 M CuC12/F and that addition of 
LiCl results mainly in the formation o f  CuCl . The exact nature of  

the species remains unclear at this time, although several candidate 
species can be suggested on the basis of previous work in crystalline 

materials. 
hedral form exist f o r  CuCl 
complexes containing two cupric ions bridged by either chloride ions, 

-2 
4 

For example, both a yellow square-planar and an orange tetra- 
-2 in crystals (Ref. 38). In addition, dimeric 4 
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44. El3 Spectrum of Freshly Prepared 0.1 M CUCl*/DMF 
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R 

R 
i n  so lvent  molecules have been repor ted  (Ref. 39). 
a dimer could q u i t e  poss ib ly  account f o r  t h e  slow process  by which t h e  

paramagnetic ions  are removed from con tac t  wi th  t h e  bulk solvent .  

would a l s o  expla in  t h e  small down-field peak, because any DMF serving as  

a br idge  would not  be expected t o  exchange with the  bulk  DMF and t h e  

paramagnetic contact  s h i f t  wouldebe very large.  The slow r eac t ion  i s  

i n d i c a t i v e  of a high a c t i v a t i o n  energy f o r  t h e  process ,  although poss ib le  

photochemical or  sur face  phenomenon cannot be excluded without f u r t h e r  

study. 

s i b l e  t o  account f o r  t h e  dependence of t he  pos i t i on  of t h e  small down- 

f i e l d  peak as a func t ion  of added LiC1, by employing an argument s imi l a r  

t o  t h a t  repor ted  i n  Ref. 28 ,  where t h e  reported frequency of t h e  aldehyde 

proton i n  t h e  DMF-A1C1 

second so lva t ion  sphere in t e rac t ion .  In  t h e i r  i n t e r p r e t a t i o n ,  t h e  assoc- 

i a t i o n  of ch lor ide  ion  with t h e  aldehyde proton i n  the  coordinated so l -  

vent  r e s u l t e d  i n  a decrease i n  e l e c t r o n  dens i ty  a t  t h e  proton and thus  

gave a f u r t h e r  down-field s h i f t .  

f i e l d  s h i f t  is  due t o  t h e  paramagnetic contac t  s h i f t  r a t h e r  than a simple 

sh ie ld ing  e f f e c t .  A decrease i n  the  e l ec t ron  dens i ty  a t  t h e  aldehyde 

proton i n  t h i s  case would then reduce t h i s  contac t  s h i f t  and g ive  an up- 

f i e l d  s h i f t .  

spec ies  formed on add i t ion  of L i C l  i s  CuCl . The presence of th i s  

anion i n  c l o s e  proximity t o  the  dimer could produce an  up-f ie ld  s h i f t .  

Because the  energy of t h i s  i n t e r a c t i o n  i s  q u i t e  small ,  a rap id  exchange 

would be expected, t h e  r e s u l t a n t  l ine  showing only t h e  s t a t i s t i c a l  aver- 

age pos i t ion .  Addit ional  LiC1,  producing more CuCl , would cause t h e  

average pos i t i on  t o  s h i f t  up-f ie ld  a s  more of t he  assoc ia ted  spec ies  

would be present  on t h e  average. 

The formation of such 

It 

An add i t iona l  f e a t u r e  of t h i s  hypothesis  i s  t h a t  it makes it pos- 

complex depends on t h e  anion present  through a 3 

I n  CuC12//DMF systems, t h e  l a rge  down- 

I n  L i C l  + CuC12/DMF e l e c t r o l y t e s ,  t h e  p r inc ipa l  an ionic  
-2 
4 

-2 
4 
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The low solubility of CuF2 in pure DMF prevented the observa 
cupric species in that system. 

of any 

The results on saturating 1 M LiC104/DMF with CuF 
the precipitation of LiF and the formation of only a blue DMF - C U + ~  com- 
plex. 

are consistent with 2 

No evidence of any Li7 broadline resonance was observed and the - 
The 4 .  C l J 5  resonance was the single sharp line associated with C10 

high resolution proton spectrum was a single very broad peak. 
there was no C1- present, all of the Cu+=! was available to interact with 
the solvent. A s  a result, the aldehyde peak was apparently either 
broadened or shifted beyond detection. EPR measurements on this solution 
showed only the strong line at g = 2.16 which is assigned to the solvent 
complex. 

Because 

CuC12, CuF2 in PC and in LiCl + A1C13/PC 

The high resoiution NMR spectra of PC saturated with CuC12 or CuF2 were 
identical with that of the pure solvent. A detectable EPR signal was 
found in CuC12/PC but not in CuF2/PC. The line occurred at g = 2.13 

which again is indicative of a solvent complex. 

Saturated solutions of  CuC12 and CuF2 in LiCl -I- AlCl /PC were examined 
but no changes from the spectxa previously obtained for this solvent 
system were observed. 
urements on these solutions, the composition of the solutions used is 

uncertain. 

3 

Because discrepancies were observed in other meas- 

CUF~ + 1.1 M L~ASF~/MF, 

A saturated solution of CuF2 #3 in 1.1 M LiAsF6 #1/MF #2-4 exhibited 
only an'EPR line at g = 2.16 in addition to the unperturbed solvent pro- 
ton NMR spectrum. 
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ELECTROLYTES CONTAINING QUAR!BBNARY AMMONIUM SONS 

The electrolytes investigated were 
(TMA-PF6) in DMF, AN, and PC, and 
in DMF' and PC. Some measurements were also made on tetraethylammonium 
fluoride (TEA-F #1) in PC ##6-2. It is zxpected that dissolving TMA=PF 
and TMA-F would result in the formation of TMA' and PF6 ,and TMA+ and F- 
ions, respectively. To verify this, both the H1 and F19 resonances were 
investigated in DMF, AN, and PC solutions containing TMA-PF ,and in DMF and 
PC containing TMA*F. 

6 - 

6 

The F19 resonance in PC, DMF, and AN containing TMA*PF6 was an equal 
intensity doublet. 
a spin of 1/2, the spin-spin interactibn with the spin of F1' should 
lead t o  an equal intensity doublet. 
chemically equivalent; therefore, complex spectra (more than one line) 
would occur only because of P-F spin-spin interactions. Thus, the find- 

ing of only an equal intensity doublet is consistent with the assumption 
that the ion containing F19 is the PF6 ion. 

No other F19 lines were observed. Because P31 has 

- 
Furthermore, all F's in PF6 are 

- 

- 
The P-F splittings for PF 7, PF5, PF6 , and HPF6 have been reported 
(Ref. 40) as 1441, 916, 710, and 710 Hz, respectively. 
splitting for PF 
(Ref. 41). 
carefully measured for TMA*PF 
well with that reporteh for PF6 . 
could be observed. If HPF were formed, such splittings would occur. 
Thus, the remote possibility of the formation of HPF 

Also, the P-F 
complexed with amides has been reported as 740 Hz 5 

Particularly because of the latter, the P-F splitting was 
in DMF and found to be 711 Hz which agrees 
- 6 

No evidence of F-F o r  H-F splittings 

6 
is ruled out. 6 

- 
Because of the relatively low solubility, these F19 lines from the PF6 
ion were rather weak. The even lower solubility of TMA-F in PC and DMF 

number of fluorine atoms per solute molecule resulted 
being observed in these soltuions. 
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In contrast, the proton line due to the addition o f  TMAoPF and TMA*F 
was observed in every case. 

same number of protons as TMA-PF Therefore, the low solubility of 
TMArF did not prevent the proton resonance line from being observed as 

6 
It should be noted that TMA-F contains the 

6' 

\was the case with the F1' resonance. In all cases, the proton line 
consisted of an equal intensity triplet with a splitting of 0.6 Hz. 

typical spectrum is shown in Fig. 45. 
proton spectrum obtained f o r  NH; (Ref. 42) consists of an equal intensity 
triplet with a splitting of 46 22 Nz. 

basis that all protons are equivalent and the line is split into a trip- 
let by virtue of the spin-spin interaction with N14 which has a spin of 1. 
By analogy, because all protons are equivalent in the "MA' ion, and 
because interaction with N14 would yield a triplet as observed, the 
observations are consistent with what is expected for a TMA+ ion. 
splitting in TMA+ shauld be, and is, much less than that in NH because 

the interaction must g o  through an additional bond due to the carbon in 

the methyl groups. 

A 
For comparison, note that the 

This pattern is explained on the 

The 

3 

Measurements on the proton resonance of TMA.PF6/AN were hindered by the 
C1' side band of the solvent resonance line. 
these resonances can be seen in Fig. 46 for four different solutions. 
An interesting feature is the change in position with addition of tetra- 
methylsilane, TMS, a supposedly inert internal standard. No evidence for 
this type of interaction has been detected in any other of the systems 
studied in this work, although a similar effect has been reported else- 

where (Ref. 43). Thus, the species obtained when dissolving TMA.PF6 in 
DMF, AN, and PC are the TMA+ and PF6 
solved in DMF and AN, the TMA' ion is obtained. 
obtained regarding the anionic species in this case because of the lack 

of observable signals. 

The near coincidences of 

- 
ions. In the case of TMA-F dis- 

No direct data were 

Solutions of TEAOF #1 in PC #6-2 were examined at 0.1 and 1 molar. 
H 

resonances (Fig. 47), but the triplet due t o  the methyl group is partially 
obscured by the methyl group resonance of the solvent. 

The 
1 spectrum clearly shows the quartet expected for the methylene group 

Two additional 

12 1 



This spectrum was obtained from 

0.075 M TMA*PF6/PC solution 
(TMA*PFG #1, PC #2-5) 

1 Figure 45. H Spectrum of T U +  i n  Propylene Carbonate 
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1 Figure 47. €I Spectrum of TEA'F in  Propylene Carbonate 
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peaks which appear up-field from the methyl triplet have not been 

assigned. 
by the down-field resonances due to H,O and benzene. 

The questionable purity of these solutions is also evidenced 
Another cause for 

L. 

concern is the absence of an F1' resonance. Further studies on the compo- 
sition of this electrolyte are necessary t o  confirm the presumed chemical 

formulation. 

LiA sF6/MF ELECTROLYTES 

Some exploratory measurements were made in LiAsF MF electrolytes. The 

H NMR spectra of these systems have been partially described elsewhere 
in this report. An interesting feature of these spectra is the down- 
field shift of the resonance frequencies as LiAsF6 is added. 
may be due to solvation of the lithium ion. However, further studies 
on this system are required. 'Temperature variations, for example, may 
provide more direct evidence on the solvation of lithium ions. 

1 d 

This shift 

Broadline As75 and high resolution FI9 spectra were obtained for the 
AsF6 ion. An As-F coupling constant of approximately 950 Hz derived 
from the As75 spectra shown in Fig. 48 is in good agreement with that 

- 

reported by Muetterties and Phillips (Ref 40). 

The high resolution FI9 spectrum consisted of only a broad unresolved 
line in 1.1 M LiAsF MF at ambient temperature. This is consistent with 
the results on AsFG 

61 - 
reported by Packer and Muetterties (Ref. 44). 

Saturation of this solution with CUF2 #3 produced no observable change 
in any of the NMR spectra. 
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Figure 48. As75 Magnetic Resonance in 1.1 M LiAsF@@' 
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PHYSICAL PROPERTY DETERMINATIONS 

SOLUBILITIES 

Solubility studies were made in the following systems: 
solutes in various solvents, (2) electroactive materials (i.e., cupric 
fluoride and cupric chloride) in the solvents and in some electrolytes, 
and (3) potential battery discharge products (i.e., lithium fluoride and 

lithium chloride) in selected electrolytes. 

(1) electrolyte 

Procedure 

Saturated solutions were prepared by adding in the dry box an excess of 
solute to the solvent or solution of interest. Often, a Teflon-coated 
stirring bar was added. 
and the neck of the flask enclosed in a polyethylene bag containing dry 
nitrogen. 
which was held at a temperature well above the final sampling temperature; 
magnetic stirring was possible in this bath. The samples were normally 
removed from this bath after 1 to 2 days and placed in other constant- 
temperature baths to equilibrate at 25 or 60 C ,  respectively, for several 
days with occasional stirring. In the case of sensitive systems, exposure 
to elevated temperatures had to be limited. 

The flasks were then sealed with a glass stopper 

The flasks were removed from the dry box and placed in a bath 

For sampling purpose, the flasks remained in the constant-temperature 
bath and were opened. 
quickly, the pipette being prewarmed to above the bath temperature if 
necessary. 

A sample of the supernatant liquid was taken very 

In some cases, a different procedure was used. A LiAsF6/MF solution was 
concentrated up to saturation by bubbling nitrogen through the solution. 

A saturated LiBF4/DMF was directly synthesized by adding sufficient 

amounts of  Lip and BF to DMF. 
solution was made by evaporating off the solvent under reduced pressure. 

An attempt to get a saturated LiPF6/k 
3 
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Several analytical methods were used to determine solute contents in the 
samples. Except in the case of NMR methods which were used, e.g., to 

determine TMA-F and !R4.A0PF6 contents , the 
water. Atomic absorption was the method us ost frequently, for deter- 
mination of lithium, aluminum, boron, and copper. Chloride ion concen- 
trations were determined by a silver nitrate titration used routinely on 

another program (Ref. 45). 

les were diluted with 

Results 

given in Table 22 for electrolyte solutes including 
potential cell discharge products, and in Table 23 for electroactive 
materials. 

Uncertainties. Tiiere are several sources for uncertainties. (1) Solu- 
bility values were not verified, as it is sometimes done, by approaching 
saturation at a certain temperature also from below this temperature to 
eliminate uncertainties caused by possible oversaturation as well as 

incomplete saturation. 
these systems. This is particularly severe in systems which undergo 
changes with time. 

were studied in some detail in CuCl /DMC systems. 
time is too short, saturation may not be reached; on the other hand, sol- 
ubility may be affected significantly by solvent decomposition or other 
slow reactions occurring during a prolonged experiment, particularly if 
it involves exposure to higher temperatures. 
than one solute may complicate the situation further. 

(2) Dissolution rates were often very slow in 

Such changes were obvious in AlCl /PC solutions and 3 
If sample preparation 2 

(3) The presence of more 

LiCl + A1C13/PC. 
An early result showed a solubility of 0.78 M LiCl in a 1 M AlCl /PC 
solution. Later, only 0.66 M LiCl was determined in a 1.2 M AlCl solu- 

tion. Based on the first result, however, a composition of 0.7 M LiCl + 
1 M A1C13/PC was selected for  extensive studies and such solutions were 
made up routinely with complete dissolution of the lithium chloride. 

Somewhat erratic results were found in this system. 

3 
3 
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ILITIES 

Solvent 

pc #2-7 
Pc #2-7 
DMF #3-3 
DMJ? #3-3 
AN #4-3 
Pc #2-2 
Pc #2-10 

MYIF #4-1 

DMF #6-1r 

AN #1-2 
PC #1-4 
PC #2-6 
DMF #1-4 

AN #3-1 

PC #4-5 
DMJ?,#1-2 

DMF #6-1: 
AN #1-2 
DMF #6-14 
I;MF #6-1; 

DMF #4-2 

PC #2-4 

PC #2-6 

PC #2-4 

PC #2-3 

DMF #4-2 

DMF #3-3 
AN #1-2 
MF( stock: 

Other Solution 
Components 

1000 ppm H20 

1000 ppm H20 

1 M L i C l O  #2 + 
1000 ppm i 2 0  

3.88 M LiF #2 f 

3.88 M BF3 #1 

1 M AlC13  #2 
1.2 M A l C 1 3  #3 
1 M L i C l  #2 
1 M A1C13 #3 

1 M LiC104 #3 

1 M L i C l  #2 

1000 ppm B20 

1000 ppm H20 

a t  25 C, 

2.1 

3.1 
4.4 

3.5 
1.06 

0.038 
0.071 

2.42 

1.94 

0.026 

0.78 
0.66 
0.088 

0.92 
< 5  x lo-( 

1.3 
3.2 10-5 

2.2 x 10-5 
1.60 

1.6 
0.065 
0.028 

0.15 
0.15 
0.24 
0.21 

0.10 
4.64 

a t  60 C ,  

3.1 
3.1 
4.8 

4.9 

0.031 

3.76 

0.014 
0.80 

0.75 

< 5  x 

5.3 10-5 

3.2 10-5 

0.22 

0.23 
0.36 
0.32 

0.18 
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TABLE 23 

SOLUBILITIES OF COPPER HALIDES 

Solute 

CuF2 #3 
C U C l 2  #2 

C S 2  #3 
C U C l 2  #2 

CuF2 #3 

C U C l 2  #2 

C S 2  #3 
C G 2  #3 

C U C l 2  #2 

C U C l 2  #2 

C U C l 2  #z 

CuF2 #3 

cuc12 #2 

CuF2 #3 

CuF2 #3 

CuF2 #3 

CuF2 #3 

C U C l 2  #2 

C U C l 2  #2 

C U C l 2  #2 

CUP2 #3 

C U C l 2  #3 

CuF2#3 

Solvent - 
PC #2-11 

DMF #5-6 
DMF #1-2 

Pc #2-11 

PC #2-4 

#4-5 

PC #2-7 
PC #2-8 

DMF #6-1: 
DMF #6-1: 

DMF #3-3 
#3-5 

DMF #5-1 
DMF #4-2 

PC #4-5 

pc #5-5 

#5-5 

PC #2-8 

Pc #5-5 

Pc #5-5 

mfF #6-2 

DMF #6-2 

MF #2-4 

Other Solution 
Components 

1 M LiC104 #2 

1 M LiC104 #3 
+ 1000 ppm H20 

1 M LiC104 #2 

1 M LiC104 #2 
+ 1000 ppm H20 

1 M LiC104 #2 
1 M LiC104 #2 

1 M LiC104 #2 
1 M LiC104 #2 

1 M L i C l  #2 

1 M L i C l  #2 
0.7 M L i C l  #3 
+ 1 M A1C13 #4 

0.7 M L i C l  #3 
+ 1 M A1C13 #4 

Excess L i C l  #3 
+ 1 M A1C13 #4 

Sat. L i c l  #2 + 
1 M A 1 C l 3  #3 
0.7 M L i C l  #3 
+ 1 M A1C13 #4 
Excess L i C l  #3 
+ 1 M A l C 1 3  #4 

1 M L i C l  #2 + 
0.075 M A1CI3#3 

1 M L i C l  #2 + 
0.075 M AlC13#3 

+ 1000 ppm-n20 

1.1 M LiAsF6 #1 

Solubility 
a t  25 C ,  

ao l e  s / l i t e r  
2 

4.9 10-3 
1 

4.7 10-3 

1.9 10-3 

1.30 

2.2 x 

1.1 x 

3.49 
3.50 

3,82 

3.87 
3.53 
1.04 

3. 183 

3.063 

3.39 

3.37 

3. 0094 

3.54 

3.44 

1.89 

7.5 

Solubility 
a t  60 C, 

moles/liter 
4 x 

4.2 10-3 
2 

6.3 10-3 

2.68 

2.4 x 

4.2 x 

1.9 x 

0.50 

0.45 

1.57 
2.2 
0.52 
1.34 

0.11 

0.57 

0.0063 

0.44 
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LiCl c A1C13/DMF. 
AlCl in 1 M LiCl/W. 

A solubility value of 0.088 molar was determined for 
Solutions of 1 M LiCl + 0.075 M AlCl /DMF were 3 3 

used for most experiments. so left standing for 
several weeks, the formation of a crystalline precipitate was observed. 
This precipitate was analyzed and found to contain lithium and aluminum 
in stoichiometric amounts. 

Because NMEl results and a high exothermic heat of solution for AlCl 
DMF both indicated very strong complex formation, it was somewhat sur- 
prising that the solubility of AlCl in DMF was relatively low. In an 3 
attempt to establish whether or not the precipitation of a compound con- 
taining lithium and aluminum was responsible for the low solubility, 
1 gm of A1C13 #4 was added to 15 to 20 ml 1 M LiCl #3/W #7-2 solution. 
A white, fluffy precipitate formed, and the concentration of lithium in 
the supernatant liquid was found to have increased to 1.35 molar. The 
precipitate evidently contained dimethyl formamide and may have been a 
compound of the formula A l ( W ]  C1 
both lithium and aluminum. This compound may not necessarily be identical 
to the crystalline precipitate obtained after prolonged standing as 

mentioned above. 

in 3 

rather than a compound which contains 6 3  

LipF6/E. A 1 M LiPF6/Pc solution was made by adding PF 
LiF in PC, and a dark solution resulted. A sample of this solution was 

concentrated by evaporating about half of the solvent at 60 C under 
vacuum; evaporation occurred slowly because of the low vapor pressure. 
The lithium content of  the resulting solution was 1.31 molar, and the 
solution appears to have been saturated, although no precipitate could 

be distinguished in the dark solution. 

to a slurry of 5 

Solubility of LiF. 
the three solvents, Bc, DKF, and AN. The lithium content of a saturated 

LiF/PC solution was actually below the detection limit of the atomic 

The solubility of LiF was found to be very low in 
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-6 absorption spectroscopic method; i.e., below 5 x 10 molar. This value 

is lower than the value of 6 x low5 molar which had been estimated by 
other investigators from conductance data (Ref. 46). 

The solubility of LiF in a 1 M LiC104/PC solution was determined by means 
of a fluoride ion activity electrode (Orion Research, Incorporated). 
The potentials of such an electrode were measured across a calomel elec- 
trode in samples which had been diluted 1O:l with water. 
the saturated solution and blank 1 M LiC104/PC samples, with and without 
the addition af known amounts of LiF, were used. A value of 1 . 3  x 10 
molar resulted for the solubility of LiF in 1 M LiC104/PC at 25 C. 
is higher than was found for the pure solvent. According to soilubility 

product consideration, the solubility of LiF should be lower in an elec- 
trolyte containing lithium ions than in the pure solvent. This does not 

necessarily have to he the case, however, because activity effects may 

be predominant. 

A sample of 

-4 

This 

It was attempted to determine the solubility of LiF in a 1 M LiCl/DMF 
solution at 25 C. A saturated solution was prepared and a sample diluted 

10 to 1 with water. 
fluoride ion activity electrode. 
with time in the presence of dimethyl formamide. 

reliable results could be obtained below a fluoride ion concentration o f  

This sample was also analyzed by means of an Orion 
It was found that the potentials drifted 

Because of this, no 

molar, which therefore is the limit of detection for fluoride ion 
This corresponds to a LiF concentration o f  

molar for the original saturated solution. The solubility of  L S  
in this particular system. 

in 1 M LiCl/DMF was therefore <1 x molar. Hence, it was verified 
that the LiF solubility was also very low in this case, although it could 

not be decided whether it was considerqbly lower or even somewhat higher 

than in the pure solvents. 

The low solubility of LiF is very significant because it indicates the 
formation o f  

will lead to 

sufficiently 

LiF at the cathode in Li-CuF2 cells under discharge, This 

starvation of, e.@;., LiC104 electrolytes at the cathode if 

high currents are applied. 
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CuF2 and CuC12 Systems. ow changes wer 

s t u d i e s  of t h e  CuC12/DMF stem. It is q 

changes a re  accompanied by s o l u b i l i t y  cha 

A 1 umi num 
Content, 

molar 

1.00 

0.92 

1.00 

0.85 

0.99 

0.80 

0.99 

The presence of more than one so lu t e  may complicate the  s i t ua t ion .  

S tudies  of t he  s o l u b i l i t y  of CuF2 and CuC12 i n  0.7 M L i C l  + 1 M A1C13/PC 

were made, with and without excess LiC1. The r e s u l t s  of l i thium, alumi- 

num, and copper analyses  a re  given i n  Table 24. 

a s  wel l  a s  CuF 

excess LiC1.  

enhances the  s o l u b i l i t y  f o r  LiC1. Possible  reac t ions  a re :  

They show t h a t  CuC12 

a r e  so luble  t o  a much g rea t e r  ex ten t  i n  the  presence of 2 
On the  other  hand, t he  presence of t h e  copper ha l ides  

Copper 
Content 

mo 1 ar 

0 

0.063 

0.0094 

0.39 

0.54 
0.11 

0.0063 

-2 CuF2 + 4 L i C l  = 2 L i +  + 2 LiF + CuC14 

The f a c t  t h a t  s o l u b i l i t i e s  of  the  copper ha l ides  a re  smaller i n  t h e  

absence of excess L i C l  i nd ica t e s  t h a t  ch lor ide  is more s t rongly complexed 

by aluminum than by copper, whereby the  formation of t he  copper complex 

induces s o l u b i l i z a t i o n  of the  copper ha l ide .  

TABLE 24 

SOLUBILITY OF CuF2 AND CuC12 I N  L i C l  #3 + 41C13 #4/PC #5-5 

Solu tes  Added 

None 

CuF2 #3 
C U C l 2  #2 

CuF2 #3 + L i C l  #3 
CuC12 #3 + L i C l  #3 

CuF2 #3 
C U C l 2  #2 

Temperature, 
C 

25 

25 

25 

25 
60 
60 

Lithium 
Content, 

molar 

0.68 

0.66 
0.75 
1.15 
1.73 
0.62 

0.63 
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The aluminum content of all solutions to which CuF2 had been added was 
slightly decreased. A possible, but still very speculative explanation 
would be the formation of an insoluble aluminum or lithium-aluminum 
fluoride species. 
that the presence of fluoride catalyzes in some way the formation of 
polymerization products which precipitate and contain aluminum. 

Another explanation can be based on the assumption 

When a 0.04 M CuF2 #3 + 0.7 M LiCl #3 + 1 M A1C13 #4/PC #6-3 solution 
was made up for use in a Hittorf experiment, some interesting observa- 
tions were made which relate to the above comments about uncertainties 
of solubility. The solvent was added to the solutes; a solution with a 
dark appearance formed, and a black copper-containing precipitate which 
was readily soluble in water could be filtered off, leaving an amber 
solution. On standing, more of a black precipitate formed, and the final 
concentration of the dissolved copper was considerably below the value 
given in Table 23. The reactions involved and the composition of  the 
black, water-soluble copper species are not known. 

The solubility of CuF2 was largely determined by the anion of the lithium 
salt electrolyte. 
is used very loosely in this report; the fluoride from the CuF 
tates as LiF if lithium ions are available because LiF has a very low 
solubility. 
present in solution, because of the reaction 

It should be noted that the term ttsolubility of CuF21t 

precipi- 2 

In the case of LiC104, e.g., copper perchlorate was actually 

2LiC lo4 + cuF2 Cu(C104)2 + 2LiF 

The dissolution of CuF2 was stoichiometri4 if copper compounds of  suf- 
ficient solubiliky resulted. 

Effect of H20. 

significant effect in cases of compounds with low solubilities. 
ubility of CnF2, e.g., was increased in 1 M LiC104/PG from 4.7 x 10 
to 2.2 x 
content corresponds to approximately 7 x 10 
line with the results of a more detailed investigation (Ref. 47). 

The addition of 1000-ppm water appeared to have only a 
The sol- 
-3 

molar at 25 C upon the addition of 1000-ppm H20. This water 
-2 M H20. This result is in 
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HFXTS OF SOLUTION 

were measur Differential heats of solution in conce 
at 25 C in a precision calorimetry syst 
AB Corporation (Stockholm, Sweden). 
is a general purpose instrument designed for reaction and solution 
calorime-try. 

This calorimetry system, Model 8700, 

The calorimeter is one of the 
mental type. Figure 49 shows 

r* can be 'seen on the left side, 

nonisothermal, constant-temperature environ- 
the 100-ml pyrex reaction vessel. A heater 
and a thermistor temperature sensor on the 

right side. The combined sample-holder stirrer is located in the center. 
By downward movement of the stirrer toward the sapphire spike, breakage 
of the sealed ampoule (not shown in the photograph) containing the solute 
sample can be initiated without discontinuing the stirring. Because the 
calorimeter must not be exposed to elevated temperatures, it was eare- 
fully washed with water and acetone and flushed with dry nitrogen rather 
than cleaned according to the regular procedure for glassware. The calo- 

rimeter was filled in the dry box, and special precautions were taken not 

to expose the solute sample to the laboratory atmosphere while sealing 
the fragile sample container, 

The calorimeter was placed in a 12-liter precision thermostat equipped 
with proportional control which maintained a constant temperature to 
within +0.001 C. An electronic console includes an electronic timer and 
a precision potentiometer for calibration, and a resistance bridge for 

temperature measurement. An electronic galvanometer is used as a null 
indicator for both the potentiometer and the resistance bridge. 
cision power supply is incorporated into the system as a power source 
for the instrumentation. 

A pre- 
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Figure 49. Heat of Solution Calorimeter 
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Precise energy measurements with the calorimeter are made possible by 

the accurate determination of the corrected temperature change and the 

heat capacity of the system (the calibration constant). 
calibration heating was carried out over about the same temperature range 

as the dissolution experiment. 

was cooled by directing a stream of cold, dry nitrogen between the jacket 
and calorimeter. 

The electric 

For exothermic reactionsthe calorimeter 

Among the most useful methods for evaluating the corrected temperature 
change are the Dickinson and the Regnault-Pfaundler techniques (Ref. 48). 
The latter was used for the current tests. 

tional to AT was (AR/Rm). 
from the expression 

The expression taken propor- 
The calibration constant (6) was obtained 

Qcalib. 

m calib. 
'= AR (r 1 

where Qcalib 
plied electrically. 
attributable to the calibration heat and R is the mean value of the 
resistance in ohms. Thermistor resistance could be read on the bridge 
to 0.01 ohm (-0.125 millidegrees C) and interpolated graphical.ly to 

0.001 ohm. 

was an accurately defined quantity of heat in calories sup- 
AR is the change in thermistor resistance in ohms 

m 

6 

Calorimeter constants were determined with 100 grams of water and calibra- 
tion heats of 2 calories at lieating rates o f  50 and 100 milliwatts. The 
mean value was 2718 k9. Experiments with empty ampoules demonstrated no 

measurable "heat -of breaking" effect, although heat effects of as little 

as 5 millicalories are detectable, Calibration measurements of the heat 
of solution of KC1 in water yielded values well within 1 percent of the 

value selected by the National Bureau of Standards (Ref. 49). 
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The results obtained are listed in Table 25. 
have an estimated precision of +O. 1 kcal/mole. 
within less than 30 minutes, 
cases complete dissolution was apparently not achieved (in these cases, 
the exothermic value represents a lower limit). 

In general, the results 
Most solutes dissolved 

Some dissolved more slowly, and in two 

The dissolution of CuC12 in LiCl/DMF was endothermic, presumably because 
of the formation of the CuC14 
appears to take place after stoichiometric amounts of CuCl had been 
added, possibly indicating the presence of significant amounts of free 
C1- ions (a delayed equivalent point was also found in a conductometric 
titration). 

-2 complex. This complex formation still 

2 

The dissolution o f  C u F 2  in 1 M LiC104/DMF was only slightly exothermic. 
A solid was noticed lipon dissolution of the CuF but an analysis indi- 
cated that at least 75 percent of the copper went into solution. In 
this dissolution process, LiF forms and precipitates, and the heat of 

solution listed in Table 25 is actually a heat of reaction according to: 

2' 

LiC104( dissolved) -b CuF2(solid) = LiF( solid) i- Cu(e104)2(dissolved) 

It appears that at least two processes occur simultaneously which compen- 
sate each other: the dissolution of CuF2 and the formation of solid LiF. 

The dissolution of TMA-PF6 in all three solvents was found to be an endo- 
thermic reaction, in contrast to the dissolucion of LiCl or LiClO 
There the heat evolved is mainly due to the solvation of the lithium ion. 
The difference in heat of solution between LiCl and LiClO in DMF points 
to a strong tendency to ion pair formation in the case of  LiC1. 

4' 

4 

A very negative value was found for the dissolution of  AlCl 

A1C13/DMF electrolyte. 
action as has been found in NMR studies. It was somewhat surprising that 

the solubility of AlCl 

that an aluminum solvate actually precipitated. 

in a LiCl + 3 
This indicates a very strong solute-solvent inter- 

in this system is very limited, but it was shown 3 
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TABLE 25 

HEXTS OF SOLUTION AT 25 C 

*S low di sso lu ti on 

*Very slow, or incomplete dissolution 

Concentration in 
Added Solute, 

m 
Initial 
1.000 
1.000 
1.000 
1.000 

0.500 

0.700 

0.0408 

0.100 
0.160 

0.063 
0 

0 
0.499 

ar 
Final 
1.008* 

1.007 

1,007 
1.015 

Q.520)** 

0.717 

0.0449 

0.107 
0.174 
0.070 
0.0089)363( 

0.010 

0.508 

Ieat of  
30 lut ion 

%elute 
acal/mo le 

-7.4 
-18.3 
-6.3 
-8.9 
(-2) 

-3.2 

-48.8 

A.6 
+2.9 
+4.5 
-0.2 

-13.1 
-10.9 
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VAPOR PRESSURES 

Vapor pressures of solvents and solutions were measured at 25 C and 60 C. 
A gas-saturation method as described in Ref. 50 was used, and the apparatus 
is shown in Fig. 50. 
was immersed to the level of the glass wool wad into a constant-temperature 
bath. 
collected in a liquid nitrogen trap. The connection between saturator 
and trap was maintained above the temperature of the constant-temperature 
bath, if necessary, by means of heating tapes. The gas flow was measured 
by a soap-bubble flowmeter. To minimize the error caused by evaporation 
of water in the flowmeter, a 2:l mixture of glycol and glycerol containing 
approximately 7-1/2 percent of Ultrawet 6 0 ~  was used. 

flowrates were 1 to 2 ml/sec. 

Dry nitrogen was bubbled through the saturator which 

The nitrogen was saturated with the solvent, and the solvent was 

Typical nitrogen 

To elucidate the experimental procedure, the measurement of the vapor 
pressure of a 1 M LiCl/DMF solution at 60 C is selected as an example. 
The gas flow was kept as constant as possible, at 1.4 ml/sec, 
monitored and the average product of inverse flowrate in sec/ml and room 
temperature (i.e., temperature of the soap-bubble flowmeter) in K was 
determined. 
collected during a 250-minute period. 
of N2 at 60 C plus 750 ml of DMF, corresponding to 2.706 x 
740 mm Hg. The partial pressure o f  DMF was: 

It was 

This product was 21.63 sec rnl-lK, and 1.9781 gm of DMF was 
The total gas flow was 23,100 ml 

mole at 

2x = 2,706 x 10- 333.2 x 760 tum Hg = 23.55 mm Hg 23.85 pDMF 

At the low vapor pressure values of propylene carbonate at 25 C, rela- 
tively small amounts of solvent were collected; in these cases, the limits 
of this gas saturation method were approached. On the other hand, satur- 
ation will eventually become only partial at higher vapor pressures, aDd 

limits of the method were approached because of  the relatively high vapor 

pressures of acetonitrile. 
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Y SQLUT I ON 

- FLOW -- METER 

Figure 50, Apparatus for Measuring Vapor Pressures by 
Gas Saturation Method 
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For the above reason, a,different method was used for measuring vapor 
pressures of methyl formate solutions. Samples were placed in a 25 C 
constant-temperature bath, and the vapor pressure was determined with a 
mercury manometer (a correction was made to take into account the differ- 
ent densities of mercury at room temperature and 0 C). 
ratus was kept at the bath temperature or above. 

final value, the samples were frozen in liquid nitrogen and degassed on 
a vacuum line, 

The entire appa- 
Before taking the 

The results of the vapor pressure measurements are listed in Table 26 
The vapor pressures of the four solvents increase in the order 
PC<DMF<AN<MF, the differences between two solvents being at least an 
order of magnitude. Because of its very low volatility, propylene car- 
bonate would be the best solvent for practical usage if only vapor pres- 
sures were considered. Methyl formate can be used in most cases in sealed 
systems only. 

Vapor pressures were generally about 20 percent lower in 1-molar propy- 
lene carbonate and dimethyl formamide solutions than in the respective 
pure solvents. The vapor pressure reduction by addition of solutes was 
relatively lower in acetonitrile and methyl formate, because of the lower 

molecular weight of  these solvents; i.e., because of the lower solute to 

solvent mole ratio in solution of the same concentration (in moles per 
liter). 

VISCOSITIES AND DENSITIES 

Viscosities were determinedby a conventional technique involving measure- 
ment of the efflux time of the solutions through a capillary. Depending 
on the viscosity of the solution, various commercial Ubbelohde viscometers 
were used; in the case of methyl formate a modified closed type was 
employed. The viscometers were calibrated with water and appropriate 
standard solutions from Cannon Instrument Company. 
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TABLF: 26 

VAPOR PRESSURES 

Solvent 

Pc #2-12, 4-3 
Pc #2-11 

#4-3 
PC #2-11 
Pc #4-5 
pc #4-5 
Pc #2-11 
pc #2-11 

DMF #5-2, 5-5 
DMF #5-1 
DMF #5-1 
DMF #6-13 
DMF #5-1 
DMF #6-2 

DMF #7-1 
DMF #7-1 
DMF #6-13 
lN@' fi-13 
DMJ? 6 - 1 3  
DMF #6-13 

DMF #5-2, 5-5, 6-18 

DMF #6-2 

AN #4-2 
AN #4-2 
AN #4-4 

MF #2-1 
MF #2-1 

Solute( s )  

None 

1 M LiClO4 #3 
#2 

0.7 M L i C l  #3 + 1 M A1C13 #4 

None 

1 M LiC104 #2 

1 M L i C l  #2 

1 M L i C l  #2 + 0.075 M A1C13 #3 

1 M LiC104 #3 + 0.5 M CuF2 #3 

1 M L i C l  #2 + 0.5 M CuC12 #2 

0.20 M TMA.PF6 #I 

None 
1 M LiC104 #2 
0.7 M L i C l  #3 + 1 M A1C13 #3 

None 
1 M LiC104 #3 

Temperature, 
C 

25 
60 

25~ 

25 

25 

60 

60 

60 

25 
60 

25 
60 

25 
60 

25 

25 

25 
60 

25 
60 

60 

60 

25 
25 
25 

25 
25 

25 

Vapor Pressure 
mm Hg 

0.80 
0.052 
0.66 

0.035 
0.42 
0.062 
0.52 

0.069 

3.88 
26.3 
3.16 

22.6 

3.35 
23.55 
3.32 

22.80 

3.27 
23.60 

3.31 

3.50 

23.4 

25.5 

89.0 

79.4 
77.8 

590 
561 
550 
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Dens i t i e s  were measured e i t h e r  with pycnometers o r  with a chainomatic 

dens i ty  balance.  

mal p laces ,  the  former method i s  even more accurate .  The r e s u l t s  f o r  

v i s c o s i t i e s  and d e n s i t i e s  a r e  given i n  Table 27. 

The l a t t e r  method has  an accuracy t o  about t h ree  deci-  

The solvent  v i s c o s i t y  decreased i n  the  order PC>DMF>ANSMF. I n  genera l ,  

1-molar so lu t ions  had a 2 t o  3 t imes g rea t e r  v i s c o s i t y  than the  respec t ive  

solvents .  Extremely high y i s c o s i t i e s  were found f o r  sa tura ted  LiC104/PC 

(2.1 molar) and LiC1Q4/DMF (4.4 molar) ,  The high v i s c o s i t y  i s  r e f l e c t e d  

i n  t h e  lower s p e c i f i c  conductance of these  sa tura ted  so lu t ions  a s  compared 

t o  1-molar so lu t ions .  

SONIC VELOCITIES 

The apparatus  i l l u s t r a t e d  i n  F i g . 5 l a w a s  used t o  measure the  ve loc i ty  of 

sound i n  var ious so lu t ions .  The e l ec t ron ic  equipment consis ted of a 

Sperry-type UR Reflectoscope, a Tektronix model 535A osc i l loscope ,  and 

a 10 MHz pulse-modulated radio-frequency s igna l  which was fed  simultan- 

eously t o  t he  t ransducer  and t h e  osci l loscope.  The sound waves, emanating 

from the  t ransducer ,  t r ave led  through a known d i s t ance  of  l i q u i d  t o  t h e  

bottom wf the  c e l l  a t  which point  they were r e f l e c t e d  back t o  the  t rans-  

ducer. The i n i t i a l  and r e f l e c t e d  waves were displayed on t h e  osci l loscope 

where they produced a t r a c e  a s  shown i n  Fig. 5B (,a f i r s t  r e f l e c t i o n  was 

caused by the  in t roduct ion  of t h e  cover pro tec t ing  the  t ransducer) .  The 

time,T, required f o r  the  u l t r a s o n i c  waves t o  t r ave r se  the  known dis tance 

of the tes t  f l u i d  was measured and the ve loc i ty  ca lcu la ted .  

compress ib i l i ty ,  @ =  d'V/VdP, w a s  obtained from t h i s  ve loc i ty  and the  

so lu t ion  dens i t y  . 

The ad iaba t i c  

The c e l l  was f i l l e d  i n  t h e  dry box and a s e a l  provided by a Teflon O-ring. 

Because t h e  t ransducer  ma te r i a l  was at tacked by some of the  so lu t ions ,  

t he  t ransducer  was not  immersed d i r e c t l y  i n t o  t h e  so lu t ion  as  convention- 

a l l y  done. A s t a i n l e s s - s t e e l  cup was constructed t o  be placed over t he  

t ransducer  f ace ,  and g l y c e r i n  was used a s  a cduplant.  
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TABLE 27 

VISCOSITIES AND DENSITIES 

Solvent 

pc #2-6 
PC #2-7 
PC #2-6 
PC #4-5 

PC #2-6 
I 

PC #2-6 

PC #2-4 

DMF #4-1 
DMF #5-1 

DMF #3-5 
DMF 6-l! 

DMF #6-11 
DMF #4-1 

DMF #3-2 

DKF #4-2 

AN #1-2 
AN #3-1 
AN #3-2 
AN #4-3 

AN #3-1 
AN #1-2 

MF k52-5 

MI? #2-4 

So lu te  

1 M LiC104 #2 

Sat.* LiC104 #3 

Sat.* M L i C l  #2 + 1.03 M A1C13 #3 

1.03 M A1C13 #3 

Sat.* TMA0PF6 #1 

1 M LiC104 #2 

Sat.* L iC104  #3 

1.02 M L i C l  #2 
Sat.* L i c l  #3 

1 M L i C l  #2 + Sat.* A l C l  #3 3 

1 M L i C l O  #2 
Sat.* LiCf04  #3 
Sat.* L i C l  #2 + 1 M A1C13 #3 
Sat.* TMAsPF6 #1 

Cempera- 
Lure, C 

25 
60 
25 
25 

25 

25 

25 

25 
60 

25 
25 

25 
25 

25 

25 

25 
60 

25 
25 
25 
25 

25 

25 

DensitV g d c m  
-- 

1.203 
1.161 
1.254 
1.380 

1 257 

1.257 

1.209 

0.944 
0.910 

1.019 
1.291 

0.984 
1.023 

0.984 

0.964 

0 777 
0.737 
0.863 
0.868 
0.879 
0.787 

0.968 

1.137 

Viscos i ty ,  
n i  1 l i p 0  ises 

24.8 

13.3 
70.8 
3868 

71.6 

57.2 

26.6 

7.93 
5.35 

18.9 
5770 

18.15 
54.7 

22.8 

8.99 

3.36 
2.63 
6.60 
7.09 

3.57 

3.38 

8.06 

*Saturated 
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SONIC V E L O C I T Y  CELL REFLECTOSCOPE OSCILLOSCOPE 

a. ArPARATUS SYNCHRONIZATION 

b. SIGNAL 

Figure 51. Determination of Sonic Velocities 
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The distance between the metal cup wall and the bot 
determined by calibration using distilled water as a standard (Ref 51). 
All measurements were made at 25 20.02 G ,  with the cell being pl 

'a constant temperature oil bath. The estimated accuracy of the values 

of the cell was 

determined is 0.2 percent. 

The results at 10 MHz are given in Table 28 for 25 
were obtained for PC, namely 1.440 x 10 and 1.446 

Two aeasured values 
cm/sec, and the 5 5 

average value was entered in Table 28. 
PC was derived fromtwo measured values also, 1.481 x 10 and 1.493 x 10 

cm/sec 

The average value for 1 M LiClO / 
5 45 

5 

A method to determine primary solvation numbers from compressibility data 
is mentioned in Ref. 52.  Passynsky (Ref. 53) estimated solvation numbers 
based on the assumption that the molecules in the primary solvation sheath 
had zero compressibility. These molecules very near to the ions were 
responsible f o r  the lower compressibility of the solutions, as compared 
to the compressibility of the pure solvent, and a direct proportionality 
was assumed between adiabatic compressibility and concentration of "corn- 
pressible molecules." The total concentrations of solvent molecules in 
the solution, C, in mole/cm , is 3 

whereby p (gm/cm 3 ) is the solution density, Cd the concentration of the 

solute, Md (grn/mole) the formula weight of  the solute, and M 
weight of the solvent. 

the molecular 
0 

The concentration of unsolvated solvent molecules in the solution, C is 
U' 

with Bbeing the measured compressibility of the solution, B 
the pure solvent 
concentration in the pure solvent. 

the one of  

the density of the pure solvent, and C o  the solvent 
0 

' Po 
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TABU 28 

SONIC VELOCITIES AT 25 C 

Solvent 

PC #2-11 
Pc #4-5 
Pc #2-11 
Pc #4-3 

Pc #4-5 

Pc #2-11 

PC #2-11 

Pc #6-2 

DMF #7-1 
DMF #6-18 

DMF #7-1 
DMF #6-17 
w #7-2 

IDMF #7-1 

AN #4-7 

AN #4-4 

AN #4-4 

MI? #2-6 

MF #2-5 

DMF #7-1 

- 

Solute  

1 M LiC104 #2 
1 M LiC104 #3 
0.7 M L i C l  #3 + 1 M A1C13 #4 

0.02 M TMA-F #2 

0.125 M TMA*PF6 #1 

1 M TEA-F #1 

1 M LiC104 #3 
1 M LiC104 #3 i- 0.5 M CuF2 #3 
1 M L i C l  #3 
1 M L i C l  #3 + 0.075 M A1C13 #4 
1 M L i C l  #3 + 0.5 M CuCl 2 #2 

0.20 M TMA*PF6 #1 

1 M LiC104 #2 

0.7 M L i C l  #3 + 1 M A l C l  3 #3 

1.1 M LiAsF4 #1 

Sonic Veloci ty ,  
em sec-1 

1.443 x 10 5 

5 1.487 x 10 

5 1.435 x 10 
5 1.443 x 10 

1.438 x lo5 
5 1.505 x 10 

5 1.451 x 10 
5 1.537 x 10 

1.490 x 10 5 
5 
5 
5 
5 

5 
5 
5 

5 
5 

1.539 x 10 

1.571 x 10 

1.464 x 10 

1.471 x 10 

1.275 x 10 

1.339 x 10 

1.297 x 10 

1.148 x 10 

1.142 x 10 
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The concentration of 

c, = c -  

solvated solvent molecules, C,, is 

cu = - 
0 

The solvatiou number, 2, is therefore 

This formula is essentially identical to the one given in a recent paper 
by Kaurova and Roshchina (Ref. 54) which was taken from a monograph 
(Ref. 5 5 ) .  

The correlation between compressibility, 8 ,  and sonic velccity, v ,  is 

The solvation numbers of Table 29 have been calculated from sonic velocity 
data. 
confidence because they are not in the right order of magnitude and are 

inconsistent within themselves. 
obtained with solvents of lower molecular weights; it may be that the 

It appears that these solvation numbers cannot he accepted with 

It appears that higher numbers were 

method is applicable only to solvents with low molecular weights, such 
as water or methanol. 

CONDUCTANCE MEASTJHMIWTS 

, A ,  of solutions were determined at 1000 Hz a-c 
nce bridge and capacitance compensation. 

platinum electrodes were filled with exactly 10 milli- 
ell constants were determined accurately with stand- 

Freas 

-1 were approximately 0.4 cm . Measurements 
nstant-temperature oil baths at 25 20.02 C and at 60 kO.1 C. 

14 8 



TABLE 29 

SOLVATION NUMBERS CALCULATED FROM SONIC VELOCITY DATA 

Solution 

Pc 
1 M Lic1o4/pc 

0.7 M L i C l  + 1 M A1C13/PC 

0.125 M TMA*PF6/R 

DMF 

AN 

1 M LiC104/AN 

0.7 M L i C l  + 1 M A1C13/AN 

Sonic 
Velocity,  

c m  sec 

1.443 x 10 
1.487 x 10 

1.435 x 10 

1.438 x 10 

5 
5 
5 
5 

1.451 x 10 5 

1.537 x 10 5 
1.539 x 10 5 

1.471 x 10 5 
1.571 x lo5 

1.275 x IO5 
1.339 x 10 5 
1.297 x 10 5 

5 
5 

1.148 x 10 

1.142 x 19 

Density, 
gm/cru3 

1.203 

1.254 

1.257 
1.209 

0.944 

1.019 

1.023 

0.984 
0.964 

0.777 
0.863 

0.879 

0.968 

1.137 

Compre ssi- 
b i l i t y ,  
-1 2 g m  c m  sec 

3.992 x 
3.606 x 
3.863 x 
4.000 10-9 

5.031 x 

4.154 10-9 

4.794 10-9 

4.127 x lom9 
9 4.118 x 10- 

7.917 x 
6.463 x lo-’ 
6.763 x 

7.839 x 
6.744 10-9 

So lva t  i on 
Number 

0.61 
-0.70 
-1.9 

1.82 

2.84 

2.08 

1.37 

3.00 

1.28 

1.24 
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To determine the conductivity of pure solvents and of very dilute solu- 
tions, the cell was washed several times with the solvent. It was found 
that leaving the cell overnight filled with the solvent was more effec- 

tive f o r  this purpose than repeated washings for short intervals. 

Specific Conductances of Pure Solvents 

Conductivities of pure solvents were not investigated extensively nor 

used as a criterion f o r  the purity of distilled solvent batches. The 
specific conductances of some solvent batches are given in Table 30. 
The values are representative only and were selected sore or less at 
random. 
solvent. 

formamide, probably because of a decomposition process catalyzed by the 
platinized Flatinum of the conductivity cell. 

The specific conductance appears to change with aging of the 
Slow drifts of conductivities were observed with dimethyl 

Specific Conductances o f  1-Molar and 
Saturated Solutions 

The specific conductances of 1-molar and saturated solutions are listed 
in Table 31. 

Equivalent Conductances at Infinite Dilution 

Specific conductances of dilute solutions were measured, and the equiva- 

lent (molar) conductances, A, calculated. 
to concentration zero to obtain the equivalent conductance at infinite 
dilution, A o .  A simple procedure was selected, namely a graphical 

extrapolation of the equivalent conductance (corrected for the solvent 
contribution to the solution conductance) plotted versus the square root 

of the concentration. 

These values were extrapolated 
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Solvent 

PG #2-3 
#2-6 

Pc #2-10 

pc #6-3 

DMF #1-2 

DMF #3-4 
DMF #5-2 

AN #1-2 

AN #4-1 

AN #5-1 

AN #3-1 

MF #2-6 

Specif ic  Conductance 
a t  25 C ,  ohm-1 e m - l  

TABLE 30 

SPECIFIC CONDUCTANCES OF ]PURE SOLVENTS 

Spec i f i c  Conductance 
a t  60 C ,  ohm-l cm-l 

1.78 
1.24 

8.56 10-7 
5.88 10-7 

1.38 x 
3.30 10-7 
6.87 

1.65 x 
4.69 
7.75 
1.63 

1.07 10-7 I 

3.19 
2.36 

9.97 
1.46 x 

1.88 x 

4.49 
9.75 

1.84 x 

6.34 x 10- 

1.00 x 

7 

5.52 10-7 
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TABLE 31 

SPECIFIC CONDUCTANCE OF 1-MOLAR AND 

Solvent 

PC #4-5 

PC #2-6 

PC #4-5 

PC #z-2 

pc #2-5 

pc #5-5 

pc #2-3 

pc #2-5 

PC #6-2 

DMF #3-5 

#4- 1 

DMF #3-2 

Solute 

1 M LiC104 #3 

1 M LiC104 #2 

Saturated L i C l  #2 

0.027 M L i C l  #2 

0.027 M L i C l  #2 

Saturated L i C l  #Z + 1 M A1C13 #3 
Saturated*LiCl #2 + 1 M A l C l  #3 

1 M LiF #2 + 1 M PF5 #1 
3 

1 M A l C l  #3 
3 

Saturated TMAmPF #1 6 

1 M TEA=F#l 

1 M LiC104 #2 

1 M L i C l  #2 

1 M L i C l  #2 + Saturated* A l C l  #: 3 

“Saturated a t  25 C 

Temperature , 
C 

25 

25 
60 

25 
60 

25 

25 
60 

25 
60 

25 
60 

25 
50 

25 
60 

25 

60 

25 

60 

25 
60 

25 
60 

Conductance, 
-1 -1 ohm cm 

5.11 10-3 

5.36 10-3 

5.22 10-3 
9.87 10-3 

1.06 x lom2 

1.91 x 
1.46 x 

2.72 

6.58 10-3 

6.2 10-3 

6.96 

2.71 10-3 

1.29 x 

1.2 x 

1.31 x . ~ O - ~  

6.75 x 

6 - 1 5  x lo-’ 
1.21 x 

2.03 x 

3.09 x 

8.50 10-3 

7.77 10-3 

1.12 x 

1.19 x 
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TABLE 31 

(Conc luded ) 

S o lvent  

DMF #6-12 

DMF #1-2 

DMF #1-2 

AN #3-2 

AN #3-1 

AN #5-1 

AN #1-2 

MF #2-5 

MF #2-5 

MF #2-6 

Solute  

Saturated LiF #2 

0.88 M LiF #2 + 0.88 M BF3 #1 

sa tu ra t ed  TMA*PF6 #1 

Saturated CuC12 #2 

1 M LiC104 #2 

Saturated* L i C l  #$! + 1 M A 1 9  #: 

Saturated LiF #!2 

Saturated TMA.PF6 #1 

2.27 M LiAsF6 #1 

1.13 M LiAsF6 #I 

1 M LiC104 #3 

-- 

Temperature , 
C 

25 

60 

25 

60 

25 
60 

25 

60 

25 

60 

25 

60 

25 
60 

25 
60 

25 

25 

25 

Spec i f i c  
Conductance, 

-1 -1 ohm cm 

1.27 x 

2.25 x low6 

2.07 x lom2 
2.96 x 

1.11 x 

1.93 x 

5.95 
9.06 

3.18 x 
3.91 x 

5.09 x 

6.75 x 

2.17 x 

3.30 x 

1.14 x 

2.26 x 

4.65 x 

3.37 x 

1.28 x 

%atura ted  a t  25 C 
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The 
ically represented in Fig. 52 and 53. The data of Fig. 52 is replotted 
on an expanded scale in Fig. 53 to permit an accurate extrapolation. 
on LiCl #/PC #2-2 and 'J!M4*PF6/pG #2-5 are represented in Fig. 54 through 
57. 

data collected with LiC104 #2/PC #2-6 is given in Table 32 and graph- 

Data 

The extrapolation in the above cases did not present any problems. 

A reasonable extrapolation is impossible, however, in the case of AlCl /PC, 
shown in Fig. 58. For this system, two sets of measurements were taken, 
A1C13 #3/PC #2-3 and A1C13 #3/PC #2-5. In the first set, the dilution 
series was initiated with a l-molar solution which was brownishly dis- 
colored; in the second set, the dilution was initiated with a 0.1-molar 
solution which was only slightly tinted. 
equivalent conductance was observed for AlCl PC with decreasing solute 
concentration, although in one case the minimum was only fragmentally 
indicated a s  a slight change in the slope of the curve. Such a behavior 
has been reported also by other investigators (Ref. 46). An unambiguous 

interpretation has not been found; the occurrence of  the minimum at low 
concentrations may be connected with the water content of the solvent, 
which was apprsximately 20 ppm (corresponding to a concentration of 
0.001 molar). 
could result in clarification, but such a study was beyond the scope of 
the present work. 

3 

A maximum and a minimum of the 

d 

A study of this effect as a function of the water content 

A comparison of three electrolytes LiCl #2/PC #2-2, AlC1, #3/PC #2-3, 
and LiCl 
so  lu t i on 
tra t ions 
additive 

1 

#2 + A1C13 #3/PC #2-5 is illustrated in Fig. 59.  
of saturated LiCl (0.8M) in 1 M AlCl 
indicated are in respect to AlCl 3' 
effect in the molar conductances when LiCl was added to AlCl /PC. 

A starting 
was used, and the concen- 3 

There appears to be an 

3 
At low concentrations, the high conductance of LiCl/PC predominated; at 
higher concentrations, the conductance curves of AlCl /PC and of the 
mixed electrolyte approached each other because the contribution of LiCl 

became small. The formation of new species as indicated by the increase 

3 
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Figure 55. ent Conductance of LiC1-in lene Carbonate a t  
60 C 

159 



2 

c 
c 
L 
0 - 

0 

160 



CONCENTRATKIN 0, molar 

0.0001 0.0004 0.0009 0 .c 
60 

50 

40 

30 

I 

THEGRETICAL ACC0RD:NG TO 

(Eq.5, PAGE 169) 
DEP"~-H~CKEL-ONSAGER 

6 

14 

Figure 57. Equivalent Conductance of  TMA'PF6 i n  PC at 25 and 60 C 
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6 

Figure 59. Comparison of Equivalent (Molar) Conductances of Electrolytes 
Containing L i C l  and/or A l C l  i n  PC at 25 and 60 C 3 
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of the solubility of LiCl and demonstrated by NMR studies does not seem 
to be reflected in these conductance results. 
these results is, however, complicated because changes in ionic strength 
of the solution by formation of new species may have a similar effect on 

conductance as  an increase in conductive species. 

The interpretation of 

Conductance data obtained in DME’ solutions are represented in Fig. 60 
through 65. 
forward in the cases of LiC104 #2/DMF #5-2, LiCl #2/DMF #4-1 and 

TMA’PF6 #l/DNF #1-2 (Fig. 60, 62, and 64). For A1C13 #3/DMJ? #3-2 and 
LiCl #2 + A1C13 #3/W #3-2 (Fig. 65), the extrapolation is somewhat 
uncertain because a straight line was not obtained; it yielded values 
of ‘io = 220 ohm equ cm2 at 25 C and A. = 280 ohm equ cm2 and 
60 C for A1C13/DMF, and A. = 260 ohm-‘ equ-’ cm2 at 25 C and “lo = 

325 ohm-’ equ-l cm2 at 60 C for an equimolar LiCl + AlCl /DMF mixed 
electrolyte solution. An additive effect in regard to solution conduct- 
ance is indicated by these results but cannot be considered entirely 
certain. 

The extrapolation of the equivalent conductance is straight- 

-1 -1 -1 -1 

3 

Results on acetonitrile solutions are given in Fig. 66 through 70. 
the case of the LiCl #2 + AlCl 
was a 1 M A161 solution saturated with LiC1, and the concentration of 3 
LiCl in all diluted solutions was therefore 0.92 times the concentration 
of AlCl 
148 ohm equ-l cm2 which compares to 172 ohm-’ equ-’ cm2 for LiC104 #2/ 

AN #3-2. This indicates that only 2 ions were formed from LiCl + AlCl,, 
and that Li+ + A1C14 were the main species existing in a LiCl + AlCl /AN 
electrolyte even at low concentrations approaching infinite dilution. 

The results for TMA-PF6 #1/AN #1-2 appears too high. 
extrapolation was obtained, an error appears likely to have occurred in 
preparing the initial solution used for the dilution series. 

In 

#?/AN #3-1 solution, the starting solution 3 

The A. - value at 25 C resulting from the extrapolation was 7; 

3 - 
3 

Because a good 

\ 
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An abnormal behavior was found with methyl formate solutions. The data 
on LiC1O4 #3/W #2-6 and LiAsF6 #.l/MF #2-5 are presented in Tables 33 and 
34 , and in Fig.71. 
indicated at a low concentration, somewhere between 0.01 and 0.1 molar. 

The A-value at that point has to be considered re 
because of the ow viscosity of the solvent. After the minimum, the 
equivalent con ctance increased rapidly upon furthe.r decrease of the 
concentration. The A - fi relationship at these low concentrations was 
not linear, however, and an extrapolation to infinite dilution was not 

attempted. 

A minimum value for the equivalent conductance was 

very 

The average value of the Walden product, A,* q ,  for the LiC104 solutions 
in the three other solutions is 0.617 ohm-’ equ 

(LiC104/PC: A = 25.6 x 24.8 x 
80.4 x 7.93 x 
If LiC104/MF should furnish a Walden product in the same order, A would 
be 182 ohm-’ equ 

-1 cm2 poises for 25 C 
= 0.635; LiC104/DMF: A o *  rl = 

0 

= 0.638; LiC104/AN: 

cm , 77 being 3.38 x 

‘ i 0 * T )  = 172 x 3.36 x lo-’ = 0.578). 

0 -1 2 poises. 

For LiAsF6/m, a decrease of ‘1 at higher concentration above 1 molar 
was indicated. 

Aside from some rather speculative attempts, the relationships between 
equivalent conductance and the electrolyte concentration has not been 
interpreted for these methyl formate solutions. 

constants, methyl formate is the unique solvent of the four investigated. 
A similar shape of the A -  fi curve, incidentally, has been found a l s o  in 
AlCl PC, but it is doubtful if there is any correlation. 

With its low dielectric 

J 
Equivalent conductances at infinite dilution were alSo determined for a 
series of electrolytes which were not studied otherwise. Values of tetra- 
bu ty lammonium tetraphenylb oride ( TBA-TPB) , tetrabuty lammonium bromide , 
and lithium bromide solutions permit the calculation of individual ionic 

mobilities in the main electrolytes studied. It has been suggested by 
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TABLE 33 

-1 -1 ohm em 

SPECIFIC CONDUCTANCE (A) AND EQUIVALENT CONDUCTANCE (A) 
OF LiC104 #3/MF' #2-6 AT 25 C 

-1 -1 2 ohm equ cm 
:oncentration (c), 

molar 

1.000 
0.0400 
0.00320 
0.00128 
0.0005 12 
0.000204 
0 

1.281 x 
8.044 x 
1.202 10-5 
7.135 x 
4.346 x lov6 
2.744 x 
1.067 x 

fi, 
mo 1 ar 1/2 

1.000 
0 2000 
0.0566 

0.0226 
0.0358 

0.0143 

12.81 
2.01 

3.72 
5.49 
8.28 

12.95 

A*: Equivalent conductance, corrected for conductance o f  
pure solvent 
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TABLE 34 

SPECIFIC CONDUCTANCE (A) ANI) EQUIVALENT CONDUCTANCE (A) 
OF LiASF6 #1/MF #2-5 AT 25 C 

:oncentration (c) , 
molar 

2.27 

1.13 

0.113 

0.0113 

0.00452 

0.00181 

0.000723 

0.000289 

0 

1.503 
1.060 

0.336 
0.106 

0.0672 

0.0269 

0.0170 

0.0425 

--- 

A(25 C), 
-1 -1 ohm cm 

4.648 x lov2 
3.365 x 

1.853 x lo-’ 
1.416 x 

7.055 x 

3.879 x 

2.167 x 

1.239 x 

9.572 x 

A* (25 C), 

ohm equ cm -1 -1 2 

20.6 

16.4 

29.8 

12.4 

15.4 

20.9 

28.6 

39.6 
--- 

\*: Equivalent conductance, corrected for conductance of pure 
solvent 
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Fuoss and Hirsch  (Ref. 56) t h a t  the c a t i o n  and anion i n  TBAoTPB a r e  of 

equal  s ize  and have equal  mobi l i ty ,  and they claim t h a t  t h i s  i s  much 

c l o s e r  approximated than  i n  t h e  case of tetrabutylammonium t r iphenyl -  

borof luor ide  suggested by Fowler and K r a u s  (Ref .  57) and used by Prue 

and Sherr ington (Ref. 58) .  

The equiva len t  conductances a t  i n f i n i t e  d i l u t i o n  f o r  t hese  spec ia l  e lec-  

t r o l y t e s  a r e  given i n  Table 35. 
sented e a r l i e r  i n  d e t a i l  (Ref. 4 

Most of t hese  r e s u l t s  have been pre- 

and 5 ). 

The equiva len t  conductances a t  i n f i n i t e  d i l u t i o n  ca l cu la t ed  f o r  i nd iv idua l  

i o n s  from t h e  preceding da ta  a r e  l i s t e d  i n  Table 36 f o r  propylene carbo- 

n a t e ,  i n  Table 37 f o r  dimethyl formamide, and i n  Table 38 f o r  aceto- 

n i t r i l e .  The va lues  f o r  compounds from which t h e  va lues  f o r  ind iv idua l  

i ons  were ca l cu la t ed  a r e  a l s o  l i s t e d .  

I t  should be noted t h a t  t hese  ion  mobi l i ty  va lues  a r e  f a i r l y  s e n s i t i v e  

t o  experimental  e r r o r s .  A f i r s t  poss ib le  source f o r  such e r r o r s  i s  an 

inaccura te  ex t r apo la t ion ,  another source a r e  inaccura te  s t a r t i n g  so lu t ions .  

No t i m e  was a l loca t ed  i n  genera l  t o  dupl ica te  the  measurements. An 

e r r o r ,  f o r  i n s t ance ,  i s  suspected i n  the  TBA-Br/DMF r e s u l t s  (a higher  no- 
values  f o r  TBAOBr than f o r  TMA-Br i s  un l ike ly ) ,  and may be r e f l e c t e d  i n  

t h e  e n t i r e  s e r i e s  of i on  m o b i l i t i e s  i n  DMF. 

Ion ic  r a d i i  were ca l cu la t ed  from t h e  ion  mobi l i ty  da ta  of  Tables 36 
through 38. It w a s  assumed t h a t  'Stokes law a p p l i e s ;  i . e . ,  t h a t  t h e  ions  

move through t h e  so lvent  as  spheres with t h e  e l e c t r i c  fo rce  equaling t h e  

f r i c t i o n a l  f o r c e .  The f r i c t i o n a l  fo rce ,  F f ,  f o r  an ion  of t he  r ad ius  r ?  

moving a t  t he  speed v,  i n  a solvent  with t h e  v i s c o s i t y  q, i s  according 

t o  Stokes law 
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TABLE 35 

EQUIVALENT CONDUCTANCES AT INFINITE DILUTION (A,) FOR SPECIAL 
SOLUTIONS USED TO DETERMINE INDIVIDUAL ION MOBILITIES 

Solvent 

PG #2-11 

pc #2-10 

#6-3 
PC #2-7; 2-8 

DMF #5-1 
DMF #5-2 
DMF #6-18 
DMF #3-4 

AN #4-1 

AN #4-1 

AN #4-7 
AN #4-7 

S o l u t e  

TBAoTPB #1 

TBA-Br #1 

TMA-Br #1 

LiBr #2 

TBA-TPB #1 

TBA*Br #1 

TMAoBr #1 

LiBr #2 

TBA*TPB #1 

TBAeBr #1 

!CMA*Br #1 

LiBr #2 

A. a t  25 C, 

ohm equ c m  -1 -1 2 

17.2 
27.5 
33.8 
26.2 

51.0 
87.0 
83.2 
79.1 

119.6 
161.6 
217.2 
170.1 

A. at 60 C, 
-1 -1 5 thm equ cot 

30.0 
47.3 
58*9 
44.8 

72.6 

116.4 
111 

122.4 

154.6 
207.8 
278.9 
216.0 
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TABLE 36 

EQUIVALENT CONDUCTANCE AT INFINITE DILUTION (a) FOR SEVERAL 

SOUJTES AND INDIVIDUAL 1 0 s  I N  PROPYLEN3 CABBONA!lE 

Solute  

TBA. TPB 

T U +  

TPB- 

TBA - B r  

Br- 
L i B r  

Li+ 
LiC104  

c104 
- 

L i C l  

C 1- 

TMA.PF6 

ThA-Br 

TMA+ 

pF6 
- 

25 C. 

4 ) s  
1 -1 2 ohm- equ cm 

17.2 

27.5 

26.2 

25.6 

26.2 

33.9 

33.8 

8.6 

8.6 

18.9- 

7.3 

18.3 

18.9 

14.9 
19.0 

60 C 

43 
1 -1 2 o h -  equ cm 

30.0 

47.3 

44.8 

ld3.1 

44.9 

57.6 

58.9 

-1 2 oh- l equ  cm 

15.0 

15.0 

32.3 

12.5 

30.6 

32.4 

26.6 

31.0 

182 



TABLE 37 

EQUIVALENT CONLNJCTANCE AT INFINITE DILUTION (4) FOR SEVERGL 
SOLUTES AND INDllvIDUAL IONS I N  DIMETHYL FQBMAMIDE 

S o l u t e  

TBA-TPB 

TEA+ 

TPB- 

TBA-Br 
Br- 
LiBr 

Li+ 

LiC104 

- c lo4 
L i C l  

c 1- 

TMA-Br 

TMA+ 

TMA PF6 
- 

"6 

25 

-1 2 oh- leau  cm 

51.0 

87.0 ( ? ) 

79.1 

80.4 

84.0 

83.2 

90.5 

- a+ o r  A. ¶ 

1 -1 2 o h -  equ cm 

25.5 

25.5 

61.5 

17.6 
25.0 

(Ref. 58) 

62.8 

66.4 

21.7 

68.3 

60 C 

4 9  

1 -1 2 a h -  equ cm 

72.6 

122.4 ( ? ) 

111.0 

111.1 

118.0 

116.4 

126.0 

36.3 

36-3 

86.1 

24.9 

86.7 

93.0 

30 -3 

86.3 
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TABLE 38 

EQUIVALENT CONDUCTANCE AT INFINITE DILUTION (A ) FOR SEXEFtAL 
0 

SOLUTES AND INDIVIDUAL IONS I N  ACETONITFiILE 

Solute 

TBA * TPB 

TBA+ 

TPB- 

TBA'Br 

Br- 

L i B r  

+ L i  - 
L i C  lo4 

c lo, 

TMAaBr 

TMA' 

TMA * PF6 
- 

pF6 

25 C 

A 
0' 

-1 2 ohm-lequ cm 

119.6 

161.6 

170.1 

172 

217.2 

402(?) 

A +  0 o r  Ao-, 

1 -1 2 ohm- equ cm 

59.8 

59.8 

101 8 

68.3 

104 

115.4 

287 

60 c 
A 

ohm- equ cm 

0' 

1 -1 2 

154.6 

207.8 

216 .o 

220 

278.9 

503(?) 

A +  or Ao- 

ohm-lequ cm 

0 

-1 2 

7 7 . 3  

7 7 . 3  

130.5 

85.5 

134 

148.4 

355 
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The e l e c t r i c  f o r c e ,  Fe, i n  the f i e l d  E,  on the  i o n  car ry ing  t h e  charge 

q ,  i s  

The equiva len t  conductance, A ,  i s  

q0N.v 
E n = 

N being Avogadro’s number. 

Eq. 4 , t h e  following equation r e s u l t s  

S e t t i n g  Ff = Fe and s u b s t i t u t i n g  f o r  v from 

The i o n i c  r a d i i  ca l cu la t ed  accordingly a r e  l i s t e d  i n  Table 39. 
l i th ium ion  appears t o  have a considerably l a r g e r  r ad ius  than  t h e  c r y s t a l  

i o n i c  r a d i i .  

ex t en t .  

Only t h e  

This i n d i c a t e s  t h a t  only Li’ i s  Solvated t o  a s i g n i f i c a n t  

A so lva t ion  number can be ca lcu la ted  by d iv id ing  the  volume of t he  s o l -  

va t ion  sheath by the volume which a so lven t  molecule occupies i n  the  l i qu id .  

The volume of t h e  so lva t ion  sheath,  V i s  solv’  

r being t h e  r ad ius  of t he  migrating ion ,  and r the  c r y s t a l  i o n  rad ius .  

The volume of one so lvent  molecule, V s o l v ~ m o l e c ~ ,  i s  ca l cu la t ed  from t h e  

so lvent  dens i ty ,  p ,  and the  molecular weight, M.W.: 

0 

M.W. 
P .N 

- -  - 
‘ s  o 1v. mo 1 e c . 

This f i g u r e  i s  1.41 x 

8.8 x 

CUI’ f o r  PC, 1.29 x cm3 f o r  DMF, and 

cm3 f o r  AN, a l l  a t  25 C .  
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I on 

L i +  

c1- 

Br-  

c lo, 
- 

pF6 
TMA+ 

TBA+, TPB- 

L i  + 

c1- 

Br-  

c lo, 

TMA+ 

TBA+, TPB- 

TABLE 39 

I O N I C  RADII  CALCULATED FROM I O N  MOBILXTIES 

Radius ,  
in PC, d 

4.55 

1.75 

1.75 

1.81 

1.75 

2.23 

3.86 

4.95 

1.91 

1.92 

2.02 

2.00 

2.32 

4.10 

Radius  
i n  DMF, A 

5.90 
(4.15*) 

1.59 

1.69 

1.65 

1.52 

4.8 

4.07 

6.19 

1.66 

1.79 

1.78 

1.79 

5.18 

4.25 

tn AN, 

3.58 

2.41 

2.35 

0.85 

2.12 

4.10 

3.66 

2.40 

2.34 

0.88 

2.11 

4.05 

Crys ta l  
Ion ic  R a d i i  

0.68 

1.81 

1.96 

0.68 

1.81 

1.96 

Temperature, 
C - 
25 

60 

*Calculated f rom .io = 25.0 (Ref.58) 

186 



For the Li' ion, the following solvation numbers result for these three 
solvents at 25 C: 
2.16 for AN. Solvation numbers between 2 and 3 seem unlikely, however. 
As discussed, for instance, in Ref. 59, the meaning of solvation number 
values as determined above have their limits. Assuming smaller volumes 
for the solvent molecules would increase the solvation numbers, o r  there 
may be rapid exchange between solvent molecules in the solvation sheath 
and those in the bulk solvent. 

0 
2.8 for PC, 6.7 (3.02, if r = 4.15 A) for DMF, and 

In summarizing the above results on ion mobilities at infinite dilution, 
it may be stated that, in general, no unusual behavior was exhibited by 
PC, DMF, o r  AN solutions. The ion mobility at infinite dilution is 
largely determined by size of the ion and viscosity of the solvent (the 

Walden product for individual ions is fairly constant). The well-known 
conductance maximum with increasing concentration of nonaqueous, aprotic 
electrolytes is therefore governed by activity effects. It nccurs at 
specific conductancas which are a magnitude lower in nonaqueous aprotic 

electrolytes than in aqueous solutions. Activity effects seem to be aggra- 
vated by the larger size of  the solvent molecules. 

in the case of LiCl), ion pair formation appears to depress the conductance 
maximum further. 

In some cases (e.g., 

A very significant result, which is also of great practical importance, 
is the low mobility of the lithium ion in all of the three major solvents. 

From ion mobilities, transference numbers for the Li' ion in LiC.10 
solutions can be calculated: 

4 

t+ = 

t+ = 

t+ = 0.40 and 0.39 in acetonitrile at 25 and 60 C, respectively 

0.28 and 0.29 in propylene earbcnate at 25 and 60 C, 
respectively 
0.22 in dimethyl formamide at 25 and 60 C 
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In addition to.\,-values, information on ion pair formation can be 
obtained from the relationship of the equivalent conductance to the 
square root of the concentration. The Debye-Huckel-Onsager equation 

predicts this relationship for low concentrations, taking into account 
a relaxation and an electrophoretic effect. This equation is represented 
for a uni-univalent electrolyte, as given in Ref. 6 0 :  

8.20 x 10 5 
+ 82.4 

(c T)3/2 

or 

In Eq. 5 ,  CE is the dielectric constant, and q the viscosity of the sol- 
vent, T is the absolute temperature, and C the solute concentration in 
moles per liter. 

Calculations using this relationship were made for a number of cases, and 

the theoretical curves according to Eq. 5 are represented for 25 C in 
Fig. 53, 55, 57, 60, 62, and 64. A strong deviation of the actually 

measured curve from the theoretical one was found particularly for LiC1/ 
PC, and also for LiCl/DMF. 
being due to a strong ion pair formation- 

PC may be related to this effect. 

Such deviations are usually interpreted as 

The low solubili.ty of  LiCl in 

Investigations by Falkenhagen and others have led to a refinement of 

the Debye-HUckel-Onsager equation to the form as given in Ref. 59: 

abeing the mean ionic diameter. This relationship was calculated f o r  

various values of u in the case of LiCl/DMF; the curves are represented 
in Fig. 62. 
smaller slopes of the theoretical curves, and the above remarks in regard 

to ion pair formation are still valid. 

It can be seen that the correction introduced resulted in 
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CONDUCTOMETRIC TITRATIONS 

CuF, Added to LiCl/DMF 

The conductometric titration of LiCl with CuCl 

adding small amounts of  solid CuC12 #2 to 10 ml of LiCl/DMF solution 
placed in a conductivity cell. 
derived. An obvious break in the conductance curve occurred when the 
mole ratio of CuCl to LiCl was approximately 1:2. 
to be: 

in DMF was performed by 2 

The results of Fig. 72 and 73 were 

The reaction appeared 2 

2 LiCl + CuC12 = Li2CuC14 

or rather 

The breaking point in both curves seems somewhat delayed in reference to 
the stoichiometric equivalence point. This shift may be due to the 
existence of free chloride ions in considerable amounts or to a system- 
atic error of the weighing of the CuCl 
the weighed samples). 

(e.g., incomplete transfer of 2 

In the case of 1 M LiCl #2fDMF #6-13, the specific conductance increased 
at first upon the additions of CuC12 #2. 
the conductance of the solution decreased. The ions which presumably 

existed before, at, and after the equivalence point are given in Table 40. 
The addition of CuC12 before the equivalence point causes a replacement 
of 2 C1- ions by CuC14 . It is not easy to predict a priori-if this 
should cause an increase or a decrease in specific conductance; it is 

-2 not known whether C1- or 1/2 CuC14 
conductance. The increase in ionic strength by substituting 1/2 CuCl 
for C1- possibly had a significant effect at this high concentration. 
A further factor likely to cause an increase was the breaking up of LiCl 
ion pairs. 

After the equivalence point, 

-2 

would exhibit a higher equivalent 

4 
-2 
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TABWE 40 

IONS INVOLVED IN THE CONDUCTOMETRIC TITRATION 

OF LiCl/DMF WITH CuC12 

Ions Before Addition of CuC12: 

Ions at the Equivalence Point: 

Ions After the Equivalence Point: 

2 ~ i +  + 2 ~ 1 -  

J + cum2 

J + CUCl2 

-2 2 ~ i +  + Cucl4 

-2 2 ~ i +  + c U + ~  + 2cuc14 

CuC1, dissolved passed the equivalence point, and it is assumed that the 
L -2 additional CuC12 formed C U + ~  and CuC14 ions. An increase in the con- 

centration of conductive species resulted, and an increase in specific 
conductance would be expected, accordingly. In actuality, however, a 
decrease was observed, and this must be ascribed to activity effects. 

A conductance maximum had been reported for LiCl/DMF solutions at about 

the concentration of 1 molar (Ref. 61) .  

To ascertain that an activity effect was reversing the tendency to have 
higher specific conductances with higher concentrations of conductive 

species, the experiment was repeated with a less concentrated (i.e., a 

0.1 M LiCl #2/DMF #6-17) solution. 
kept increasing past the equivalence point, which is indicated by a 
change o f  slope of the titration curve. 

Indeed, the specific conductance 

CuF2 Added to LiC104/DMF 

The results shown in Fig. 74 were obtained by titrating LiC104 #3/DMF #7-2 
with solid CuF2 #3.  The following observations should be made: (1) Rela- 
tive changes in conductance were smaller than those in the CuCl + LiCl/DPII 
case. (2) The dissolution rate of CuF2 appeared to be very slow, and only 

2 
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apparently stable values were actually measured. Point A ,  e.g, was 
determined after an overnight period whereas the others usually 1 hour 
after the addition. a slow 
copper complex formation could have been involved; the appearance of a 
blue discoloration was observed but not immediately after addition of 

the CuF2. 

I 
(3) Instead of a slow dissolution of CuF 2' 

From solubility data, a reaction according to 

2 LiC104 + CuF2 = 2 LiF + Cu(C104)2 

2 was indicatea. 
had been added to 1 mole of LiC104, and CuF2 would not dissolve past 
this point. No such equivalence point is indicated in Fig. 74. The 

The equivalence point would occur when 1/2 mole of CuF 

decrease of  the specific conductance past the predicted point may indi- 
cate that dissolution of CuF2 previously added still took place. 
apparent equivalence point is indicated at a lower concentration, but 
it is believed to be delusive because of  the reasons named above. 

An 

H20 Added t o  LiC104/PC 

The specific conductance of a 1 M LiClO 
from 5.11 x ohm cm to 5.22 x 1:-7 ohm cm when 1000-ppm I1 0 

#7/PC #4-5 solution increased 

2 
-1 -1 -1 -1 

was added; the increase was proportional to the amount of water added, 
The change in conductance probably reflected the formation of hydrated 
lithium ions which had a greater mobility than lithium ions solvated 
with propylene carbonate. 
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HITTORF EXPERIMENTS 

Apparatus 

The c e l l  employed f o r  these  experiments i s  shown i n  Fig. 75 and 76. 
design of Wall, S t e n t ,  and Ondrejcin (Ref. 62) was modified t o  allow easy 

immersion of the  lower p a r t s  of t he  c e l l  i n t o  an o i l  bath.  The experi-  

ments were performed a t  room temperature; the  e l e c t r o l y t e  warmed under 

cur ren t  flow because of the  r e l a t i v e l y  low s p e c i f i c  conductance of the 

e l e c t r o l y t e s  under s tudy,  which prevented performing the  experiment a t  

a completely con t ro l l ed ,  constant  temperature. It appears t h a t  cooling 

of the  lower c e l l  p a r t s  i n  a ba th  was e f f i c i e n t  enough,however,to prevent 

excessive temperature increases  i n  the  c e l l ,  Cooling of only the  lower 

p a r t s  o f  the  c e l l  a l s o  furnished a s t a b l e  dens i ty  d i s t r i b u t i o n  i n  the  

e l e c t r o l y t e .  The t h r e e  compartments were f i l l e d  wi th  a t o t a l  of approxi- 

mately 90 m i l l i l i t e r s  of e l e c t r o l y t e  and the e l e c t r o l y t e  was r a i sed  t o  the 

des i red  l eve l  by applying suctioii  t o  t he  center  arm. A cons tan t  cur ren t  

was maintained, t y p i c a l l y  about 10 mill iamperes f o r  a period of 400 minutes. 

A t  t he  conclusion of the  experiment, the stopcock was reopened t o  separate  

ca tholy te  and anoly te  from the  e l e c t r o l y t e  contained i n  the  middle com- 

partment. Solu te  concentrat<ion changes i n  the  cathode and anode compart- 

ment were then determined by ana lys i s .  

The 

A platinum cathode and a s i l v e r  anode were f i r s t  s e l e c t e d  as e lec t rodes .  

However, platinum forms an  a l l o y  wi th  electro-deposi ted l i t h ium,  and 

n icke l  or  molybdenum cathodes were subs t i t u t ed .  The anodic d i s so lu t ion  

of s i l v e r  appeared t o  be p e r f e c t l y  coulometric i n  some systems; bu t  

s i l v e r ,  as wel l  as copper, were found t o  r e a c t  i n  some so lu t ions  contain- 

i n g  copper ha l ides ;  molybdenum was  t he re fo re  very o f t e n  s u b s t i t u t e d  as 

anode material. 
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Figure 76 . Hittorf C e l l  
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Measurement of Transference Numbers 

The experimental d a t a  obtained i n  determining t h e  t r ans fe rence  numbers 

of t h e  L i +  i on  i n  1 M LiC104/PC, 1 M LiC104/DME', and 1 M LiC104/AN are 

summarized i n  Table 41. Nickel cathodes and s i l v e r  anodes were used. 

From t h e  decrease of t h e  l i t h ium concent ra t ion  i n  t h e  anoly te ,  one value 

f o r  t h e  t r ans fe rence  number of t he  ca t ion ,  t+, w a s  obtained. Because of 

t h e  u n c e r t a i n t y  of t h e  coulometric e f f i c i e n c y  o f  t h e  l i t h i u m  depos i t ion ,  

t h e  ca tho ly te  w a s  no t  examined i n  t h e  case of 1 M LiC104/PC. 

o ther  t w o  cases ,  t he  t o t a l  l i t h ium content  of t h e  cathode compartment, 

inc luding  the  cathodic  depos i t ,  w a s  determined; such a l i t h ium depos i t  

apparent ly  d i d  not  form i n  a c e t o n i t r i l e .  

compartment, a second va lue  f o r  t w a s  obtained. The divergence wi th in  

t h e  t w o  p a i r s  of t+ values ,  f o r  DMF and AN, i s  i n d i c a t i v e  of t he  l i m i t s  

of t h e  m$thod. 

5 percent  had t o  be determined by an atomic absorp t ion  method which had 

an accuracy Gf about 1 percent ,  a considerable  experimental unce r t a in ty  

r e s u l t e d  f o r  t h e  l o s s  o r  ga in  of l i t h ium i n  t h e  e l ec t rode  compartments, 

and hence f o r  t h e  t r ans fe rence  numbers. Another f a c t o r  f u r t h e r  l i m i t s  t h e  

exactness of t h e  r e s u l t s .  The ions  can be heav i ly  so lva ted  and c a r r y  

along a number of so lvent  molecules when migrat ing i n  an e l e c t r i c  f i e l d .  

Ai1 imbalanced t r a n s p o r t  of so lven t  may r e s u l t  i f  ca t ion  and anion are 

so lva ted  t o  a d i f f e r e n t  e s t e n t .  Taking this  i n t o  cons idera t ion ,  t h e  

agreenent  between values  obtained by H i  t t o r f  experiments and those calcu- 

l a t e d  f o r  ion  m o b i l i t i e s  (a t  i n f i n i t e  d i l u t i o n )  i s  good. 

I n  t h e  

From t h e  change i n  t h e  cathode 

+ 

Because s m a l l  concentrat ion changes i n  t h e  order  of 3 t o  

As i nd ica t ed  by t h e  d a t a  given i n  Table 42 , t he  ch lor ide  content  r a t h e r  

than  t h e  l i t h ium content  was determined i n  t h e  case of LiCl/DME' e l ec t ro -  

lytes .  According t o  weight l o s s  determinat ions,  t h e  anodic d i s so lu t ion  

of t h e  s i l v e r  anode was quan t i t a t ive .  The s i l v e r  ch lor ide  w a s  so luble  i n  

the  e l e c t r o l y t e  but  p r e c i p i t a t e d  on d i l u t i o n  wi th  water.  

remaining i n  s o l u t i o n  w a s  t i t r a t e d  and the  numbers are l i s t e d  as "Adjusted 

L o s s  of C 1  i n  t h e  Anolyte." I n  some cases ,  a l i t h ium depos i t  a t  the  

cathode w a s  no t  observed, and spurious a n a l y s i s  r e s u l t s  appeared t o  have 

r e s u l t e d  i n  such cases  (such d a t a  was omit ted i n  Table 42). 

The ch lor ide  
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A value of t+ = 0.22 w a s  obtained as t h e  average from these  measurements 

with LiCl/DMF. 

mobi l i ty  da t a ,  o r  t+ = 0.30 i f  t he  value o f A  = 25.0 ohm 

i s  prefer red .  

This compares with t = 0.21 ca l cu la t ed  from our  ion  
4- -1 2 cm of Ref. 58 

0 

Two at tempts  were made t o  determine the  t ransference  number of t h e  L i+  

ion  i n  LiAsF6/W. No conclusive r e s u l t s  could be obtained with e i t h e r  

so lu t ion ,  1.1 M LiASF6 #1/W #2-1, o r  1.1 M LiAsF6 #1/W #2-5. S l i g h t  

increases  i n  l i t h ium content  were determined i n  both anode and cathode 

compartment. Although no volume changes were apparent ,  some solvent  may 

have had .-Traporated during t h e  experiment, thus d i s t o r t i n g  the  concentra- 

t i o n  changes '-iced by ion  migration. 

Study of Solut ions Containing L i C l  and AlC1, 

H i  t t o r f  experiments were made with var ious so lu t ions  containing both 

L i C l  and A l C l  t he  r e s u l t s  a r e  summarized i n  Table 43. The i n t e r p r e t a -  

t i o n  of t h e  r e s u l t s  i s  q u a l i t a t i v e  because these  systems a r e  not defined 

well  enough. Transference numbers were not ca lcu la ted .  

7; 

Aluminum was found t o  accumulate and the  l i th ium concentrat ion,  as ex- 

pec ted , to  decrease i n  the  anolyte during experiments wi th  PC and AN solu- 

t ions .  The charge corresponding t o  the observed concentrat ion changes 

was ca l cu la t ed ,  assuming a s ing le  l i th ium and aluminum spec ie s ,  with n 

as  the number of e l ec t rons  per ion. The ca tholy te  was not  s tud ied  because 

of the i l l -def ined  cathode process. 

I n  t h e  case of PC and AN, t h e  r e s u l t s  a r e  cons i s t en t  with t h e  quan t i t a t ive  

formation of A1C14 

A1 spec ies  remaining, according t o  

- 
from C1- ions  introduced by the  L i C l  wi th some pos i t i ve  

0.7 M L i C l  + 1 M A l C l  = 0.7 M L i +  + 0.925 M A1C14- + 0.075 M Al+' ( 7  ) 3 

Because of t h e  presence of some p o s i t i v e l y  charged aluminum species  i n  

add i t ion  t o  t h e  nega t ive ly  charged one, t h e  number of coulombs c a r r i e d  by 
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lithium and aluminum as determined from concentration changes, theoretically 
should not be equal to the total charge passed. 

From these Hittorf measurements it cannot be decided whether Eq. 7 
somewhat different one applies, such as e.g., 

o r  a 

- 
0.7 M LiCl + 1 M APCl = 0.7 M Li+ + 0.85 M A1C14 + 0.15 M AlC1; 

3 

NMR measurements, however, confirmed Eq. 7. 

In the case of LiCl + AlCl /DMF, a decrease of the aluminum concentration 3 
was noticed in the anolyte. An increase was found in the catholyte which 

was examined under the assumption that no aluminum was cathodically de- 
posited. 
much higher than the aluminum concentrations. 
content of anolyte and catholyte were not found equal as it should have 

been; the concentration changes, however, were small and not too far be- 

yond the detection limit of the analysis method. 

The lithium concentrations were not determined because they were 
The changes of the aluminum 

The results in DMF indicate the presence of a positively charged aluminum 
species. 
following composition: 

The 0.5 M LiCl + 0.05 M A1C13/DMF electrolyte had probably the 

0.5 M LiCl + 0.05 M AlCl = 0.5 M Li+ + 0.05 M Al+3 i- 0.65 M C1- 
3 

+ 
Assuming a three times lower mobility for the Li 
ion, and a relatively low mobility for A1” 
it can be estimated that the aluminum species should have carried approxi- 
mately 6 to 15 percent of the current. 
by the present data (n = +3), although the presence of another, additional 
aluminum species cannot be ruled out. 

ion than for the C1- 
because of heavy solvation, 

This is fulfilled reasonably well 
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Study of Solut ions Containing Copper Halides 

I n  al l  cases where copper ha l ide  had been added t o  L i C l  o r  LiC104 e lec-  

t r o l y t e s ,  t h e  copper content  i n  t h e  anode compartment appeared t o  increase  

during Hi t to r f  experiments as indicated i n  Table 44. This ind ica t e s  

t h a t  nega t ive ly  charged copper complex ions were present.  

The cont r ibu t ion  t o  the  cu r ren t  t r anspor t  w a s  r e l a t i v e l y  high i n  t h e  case 

of 0.1 M CuC12 + 1 M LiCl/DME'. 

formation o f  CuC14 

This is cons i s t en t  wi th  a quan t i t a t ive  
-2 ions according t o  

-2 0 .1  M CuCl + 1 M L i C l  = 0.1 M CuC14 + 1 M L i +  + 0.8 M C1- 2 

+ Assuming an equivalent  conductance f o r  t he  L i  

percent of t h e  one f o r  C 1 -  ions ,  and assuming t h e  same equivalent  conduct- 

ance f o r  1/2 CuCl 

copper spec ies  would t r anspor t  about 1/6 of t h e  t o t a l  cur ren t .  

ions i n  t h e  order' of 25 

-2 as f o r  C1-  ( i n  analogy t o  aqueous s o l u t i o n s ) ,  t h e  4 
The f ig-  

u re s  found i n  the Hi t to r f  experiments m u l d  correspond t o  15 and 19 per- 

c e n t ,  respec t ive ly .  

The cont r ibu t ion  according t o  t he  observed concentrat ion change w a s  

18 x n percent  i n  t h e  case of 0 .1  M CuF2 + 1 M LiCl/DW, n being t h e  

(average) charge of the copper species .  

t a t i v e  formation of CuCl occurred, which was accompaaied by t he  pre- 

c i p i t a t i o n  of LiF; t h e  compositibn w a s  accordingly: 

Again, it, i s  l i k e l y  t h a t  a quanti-  
-2 
4 

-2 0.1 M CuF2 + 1 M L i C l  = 0.1  M CuC14 + 0.2 M LiF + 0.8 M L i +  + 0.6 M C 1 -  

The cont r ibu t ion  of t he  copper spec ies  t o  t he  cu r ren t  t r anspor t  i n  such a 

system w a s  higher  than i n  t h e  case of t h e  CuC12 dissolved i n  1 M LiCl/DMF, 

although it would no t  be expected t o  be q u i t e  as high as t h e  experimental 

da t a ,  18 x n percent ,  i nd ica t e s .  
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The accumulation of copper i n  the  anoly te  was  r e l a t i v e l y  much smaller i n  
t h e  case of CuF2 d i sso lved  i n  1 M LiC104/DMF' so lu t ion  than i n  1 M LiCl/DMF. 
The presence of a negat ive ly  charged copper spec ies  i s  s t i l l  ind ica t ed ,  bu t  

t h e r e  appears t o  have ex i s t ed  a mixture of p o s i t i v e l y  charged ( o r  n e u t r a l )  

copper spec ies  and negat ive ly  charged copper species .  

Cu'* t o  form complexes with C104 seems t o  e x i s t  bu t  t o  be considerably 

weaker than w i t h  C1-. 

The tendency of - 

A formation of negat ive copper complex ions  was  a l s o  ind ica ted  i n  t h e  

case of 0.0011 M CuC12 + 1 M LiC104/PC. 

CuCl 

by copper spec ie s ,  according t o  the  concentrat ion changes i n  the  anolyte .  

Not enough C1- ions  were ava i l ab le  t o  form CuCl 

the  tendency t o  form perchlora te  complexes such as Cu(C104)4 may have 

been s u f f i c i e n t :  Such perchlora te  complexes should form more e a s i l y  i n  

PC than  i n  DMF because of t he  lower tendency t o  form so lvent  complexes. 

Considering the  s m a l l  r a t i o  of 

t o  LiC104, a r e l a t i v e l y  la rge  por t ion  of the cur ren t  was car r ied  

q u a n t i t a t i v e l y ,  bu t  
-2 

2 

-2 
4 

Experiments with L i C l  + A l C l  /PC e l e c t r o l y t e s  were inconclusive.  

containing sediments which formed during the  experimenk ind ica t ed  t h a t  

t h e  systems were no t  s t a b l e .  I n  one case ,  it w a s  e s t ab l i shed  t h a t  t he  

copper content  i n  t h e  anolyte  as well as i n  t h e  ca tholy te  decreased. 

Concentration changes caused by migrat ion changes could not  be separated 

from concentrat ion changes caused by t h i s  p r e c i p i t a t i o n ,  and. evaluat ion 

of t he  r e s u l t s  i s  impossible.  

Copper 
3 

I n  the  case of CuF2 + LiAsF6/MF, increases  i n  copper concentratidii  were 

found i n  anoly te  and ca tholy te .  This may have been caused by evaporation 

of so lven t ,  o r  by a s l i g h t  copper impurity i n  the  molybdenum e lec t rodes .  

These r e s u l t s  t he re fo re  d id  not  permit any conclusions.  
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DIFFUSION COIEEFICIENTS 

Two methods were app l i ed  t o  determine d i f fus ion  c o e f f i c i e n t s .  

porous d isk  method, molecular d i f f u s i o n  c o e f f i c i e n t s  were measured, 

whereby anions and ca t ions  were constrained by e l e c t r o - n e u t r a l i t y  t o  d i f -  

f u s e  a t  t h e  same rate. 

potentiometry are those  of t h e  spec ies  a c t u a l l y  undergoing e l e c t r o l y s i s ,  

normally i n  t h e  presence of excess e l e c t r o l y t e .  

I n  t h e  

Dif fus ion  c o e f f i c i e n t s  determined by chrono- 

Determination by Porous Disk Method 

A method descr ibed by Wall e t  a1 (Ref. 63,  64, and 65) was employed t o  

measure the  d i f f u s i o n  c o e f f i c i e n t s  of s o l u t e s  a t  25 C. A porous d i s k  

i s  f i l l e d  with the  so lu t ion  t o  be s tud ied  and suspended i n  a l a r g e  volume 

of pure so lvent .  The apparent  weight i s  measured as a func t ion  o f  t i m e ,  

and the  i n t e g r a l  d i f f u s i o n  c o e f f i c i e n t ,  D,  determined us ing  the  equation 

log  [ W ( t )  - W ( 0 0 )  = -uDt + b I 
where W ( t )  is the  apparent  weight of t he  suspended d isk  a t  time t ,  W ( a )  

i s  t h e  weight a f t e r  equi l ibr ium has been reached. ais an apparatus  con- 

s t a n t  which w a s  determined f o r  t w o  d i sks  us ing  a n  aqueous 1 .5  M KC1 solu-  

t i o n  ( D  = 1.87 x 10 cm sec  a t  25 C ,  according t o  Ref. 66). -5 2 -1 

The recommended micro-porous f i l t e r  d i sks  (2-inch diameter,  1/4 inch  th i ck ;  

po ros i ty  No. 10) were obtained from the  Se las  Corporation of America. 

They were f i l l e d  a f t e r  evacllation wi th  t h e  s o l u t i o n  t o  be s tud ied  and 

allowed t o  soak overnight .  

t he  a r m  of an a n a l y t i c a l  chainomatic balance. 

1-1/2 l i t e r  of so lvent  was placed i n  the  25 C temperature ba th  underneath 

the  balance,  and a flow of n i t rogen  was  swept over t h e  so lvent .  

The d i sks  were suspended on a f i n e  wire  from 

The conta iner  wi th  about 

The r e s u l t s  a r e  given i n  Table 45. The composition of t h e  so lu t ion  used 

t o  f i l l  t he  d isk  i s  l i s t e d  i n  t h e  f i r s t  column, t h e  bulk pure so lven t  i n  
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TABLE 45 

Solu t ion  Solvent 

1 M LiC104 #3/PC #4-3 

0.7 M L i C l  #3 + 1 M A1C13 #4/PC #4-5 

1 M LiC104 #2/DMF #5-1 

PC #4-1, 4-2, 4-4 

PC #5-1, 5-2, 5-4 

DMF #5-1 

DIFFUSION COEFFICIENTS AT 25 C 

Diffusion 
Coe f f i c i  en t  , 

2 -1 cm sec 

2.58 x 

3.04 x 

7.30 x 

1 M L i C l  #2 + 0.075 M AlC13  #3/DMF #6-2 

1 M LiC104 #2/AN #4-4 

0.7 M L i C l  #3 + 1 M AlC13  #3/AN #4-4 

1 M LiC104 #3/MF #2-1 

1.1 M LiAsF6 #l/ME' #2-1 

1 M L i C l  #2/DMF #6-1 

1 M L i C l  #2/DME' ##6-2 

DME' #6-3, 6 - j  5.72 x 

AN #5-5, 5-6, 5-7 i .71 x 10- 5 

AN #5-1, 5-2, 5-3 1.69 x 

m#2 1.68 x 

MF #2-2, 2-3, 2-4 1.54 x 

5.87 x I DMF #6-2 

DME' #6-1, 6-2, 6-4 
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the second column. 
for the diffusion of the solute into the pure solvent. 
of the apparent disk weight versus time produced a straight line in all 
cases, usually with some deviation during the first 10 minutes after immer- 
sion of the disk. 

The diffusion coefficients listed are integral values 
A logarithmic plot 

A s  expected from viscosity considerations, the diffusion coefficients 
measured with propylene carbonate solutions were generally a factor of 
about 2 lower than values obtained with dimethyl formamide solution. 
'Riese in turn were another factor of two lower than electrolytes based 
on acetonitrile or methyl formate. 

In an effort to establish a way to estimate diffusion coefficients for 
electrolytes where no measured data are available, the measured diffusion 

coefficients of Table 45 are compared in Table 46 with the specific con- 
ductance and the viscosity of the respective solution, and also with the 
solvent viscosity. A constant number for all electrolytes was approached 
best by the products of diffusion coefficient and solvent viscosity, DxV 
solvent. The diffusion coefficients for new electrolytes may, therefore, 
be estimated by dividing 6 x It should be 

noted, however, that the present comparison was based on (1) lithium salt 
solution, and (2) l-molar solutions. 

by the solvent viscosity. 

Determination by Chronopotentiometrg 

Technique. The chronopotentiometric technique was employed in an attempt 
t o  determine the diffusion coefficient of some electroactive species. 
Unfortunately, the systems selected were not sufficiently electrochemically 
characterized and an unambiguous determination of diffusion coefficients 
was not possible. 

2 09 
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In constant  cu r ren t  chronopotentiometry, a constant  cu r ren t  densi-t;y, i 

i s  impressed upon an e lec t rode  and i t s  po ten t i a l  i s  measured as a func t ion  
0’ 

of time. The t r a n s i t i o n  t ime, 7, t h e  time a t  which the  reductant  concen- 

t r a t i o n  i s  zero a t  the  e lec t rode  su r face ,  i s  given by t h e  Sand equation: 

where C i s  the  concentrat ion of the  e l ec t ro -ac t ive  spec ie s ,  D i s  i t s  
d i f fus ion  c o e f f i c i e n t ,  n i s  the  number of e l ec t rons  involved i n  %he e lec-  

t rode r e a c t i o n ,  and F i s  the  Faraday constant.  

be ca l cu la t ed  from the  t r a n s i t i o n  t ime,  provided the  concentrat ion of t he  

e l ec t roac t ive  species  and the  o the r  experimental parameters a r e  known. 

Diffusion c o e f f i c i e n t s  can 

The chronopotentiograms were recorded on a Beckman Electroscan.  

d i ca t ing  and a u x i l i a r y  e l ec t rodes  were placed in  opposite arms of an H- 

c e l l  and were separa ted  by a porous g l a s s  f r i t .  The ind ica t ing  e lec t rode  

was a Beckman platinum i n l a y  e lec t rode  with a pro jec ted  a rea  of 0.25 cm-. 

The re ference  e lec t rode  w a s  a Ag/AgBr(0.5 M L i B r )  e lec t rode .  

The in -  

9 

Lithium I o n  i n  TMA*PF6/PC. 

#l/PC #4-3, w a s  f i r s t  examined t o  determine t h e  e f f e c t  of water and t o  

determine i f  t he  background p o t e n t i a l  w a s  s u f f i c i e n t l y  cathodic t o  a l low 

l i t h ium reduct ion.  

sharp,  s tepping  t o  -5.0 v o l t s  a f t e r  the wave. No oxida t ion  wave w a s  found 

upon revers ing  the  cu r ren t  and, hence, the  reduct ion  w a s  i r r e v e r s i b l e .  

The i,-,T1/2-product f o r  t h i s  wave w a s  5.88 m a  sec1/2 

f o r  cur ren t  d e n s i t i e s  of 0.800 t o  2.24 ma/cm . 
of water (- 0.017 M) increased the  t r a n s i t i o n  time bu t  d i d  not  change t h e  

shape o f  t he  wave; t hus ,  t he  wave appears t o  be due t o  t h e  reduct ion  of 

water.  From t h e  increase  i n  the  i oT  1/2 product,  t h e  o r i g i n a l  so lu t ion  

contained approximately 0.011 M water o r  160 ppm. 

The supporting e l e c t r o l y t e ,  0.1 M TMA.PF6 

A cathodic  wave was  found a t  -2.21 v o l t s ;  it was very  

and w a s  constant  
2 The add i t ion  of 10 P 1 

Approximately 20 mg 
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of LiC104 #3 were added to the TMAPF6/PC solution to give a lithium con- 

centration of 0.0073 M, as verified by atomic absorption. 
wave was observed for lithium and, hence, its diffusion coefficient could 

not be calculated. However, the added lithium perchlorate affected the 
water wave. The 
transition time for the prewave and water wave vas identical to the transi- 

tion time found for water prior to  the addition of lithium perchlorate. 

No reduction 

A prewave appeared which merged with the water wave. 

The prewave was probably due to the reduction of water with the subsequent 

precipitation of the reduction product by lithium. 
be lithiuu hydroxide or lithium oxide. 
trode which could be removed by wiping the electrode. 
lithium did not undergo direct reduction, it would be possible to calcu- 
late a diffusion coefficient for lithium from the Sand equation if the 

prewave were sufficiently separated from the water wave and the transition 

time could be determined accurately. Unfortunately, the two waves merged 
without any definite potential brealc and no accurate transition time could 
be measured. 

The precipitate would 
A gray film built up on the elec- 

Even though the 

Lithium Ion in TMA*PF6/DME'. 
a 0.01 M LiC104 #3 + 0.2 M TMA-PF6 #l/DMF #6-8 solution because of a too 

positive background potential. 

No reduction waves for lithium were found in 

Copper Fluoride in LiC104/PC. 
to a 1 M LiC104 #3/PC #4-3 solution to make a 0.01 M copper solution. 
However, not all of the copper dissolved despite stirring for several 
hours, its concentretion being only 3.7 x 10 M, as determined by atomic 
absorption. 
and did not seem to correspond to copper. Therefore, a value for the 
diffusion coefficient could not be calculated. 

A sufficient amount of CuF2 #3 was added 

- 
Only a reduction wave was found which was very irreversible 
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Copper Chloride i n  LiC104/PC. 

t o  a 1 M LiC104 #3/PC #4-3 so lu t ion  t o  make a 0.01 M copper so lu t ion .  

However, a p r e c i p i t a t e  was found i n  the  s o l u t i o n ,  and t h e  s o l u t i o n  w a s  de- 

canted i n t o  the  e l e c t r o l y s i s  c e l l .  

absorp t ion  and found t o  be 0.0028 M. Four cathodic  waves were found; t h e  

t w o  most negat ive waves represented  t h e  reduct ion  of water  and l i t h ium,  

the  two more p o s i t i v e  waves may be due t o  reduct ion  of copper. 

of t h e  t r a n s i t i o n  t imes of t h e  two  waves was n o t  t h e  value expected f o r  

two  1-e lec t ron  reduct ion  s t eps .  

ve r s ib l e  and, indeed, upon revers ing  the  cu r ren t ,  no oxidat ion waves 

appeared a t  the  p o t e n t i a l s  a t  which reduct ion  had previously occurred. 

No d i f f u s i o n  c a e f f i c i e n t  could be ca lcu la ted .  

A s u f f i c i e n t  amount of CuC12 #2 w a s  added 

The copper content  was analyzed by atomic 

The r a t i o  

The reduct ion waves appeared t o  be i r r e -  

Copper Chloride i n  LiCl/DMF. 

0.01 M CuC12 #2 + 1 M L i C l  #2/DMF #5-1 and a 0.01 M CuC12 #2 + 1 M L i C l  

#2/DMF #6-15 so lu t ion .  

s e n t  two d i f f e r e n t  reduct ion  processes ,  i . e . ,  t h e  reduct ion  of a copper 

complex and of water. More than one copper wave w a s  found, bu t  none of 

them w a s  r e v e r s i b l e .  

system observed i n  t h e  s t r u c t u r a l  s t u d i e s  i s  r e f l e c t e d  i n  i t s  e l ec t ro -  

chemical behavior and a determinat ion of r e l i a b l e  d i f f u s i o n  c o e f f i c i e n t s  

was  no t  poss ib l e .  

Chronopotentiograms were obtained with a 

A wave was obtained which w a s  suspected t o  repre-  

I t  appears t h a t  t he  complexity o f  t he  CuC12 + LiCl IDMF 

Chronopotentiograms obtained with C u C l  

sen ted  t h e  same d i f f i c u l t i e s  as above i n  ass igning  waves and determining 

d i f f u s i o n  c o e f f i c i e n t s .  

#2 i n  1 M LiC104 #B/DMF #6-15 pre- 
2 
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DIELECTRIC CONSTAM'S 

The determinat ion of the  d i e l e c t r i c  p rope r t i e s  of conducting so lu t ions  

r e q u i r e s  the  separa t ion  of t he  e f f e c t s  of d i e l e c t r i c  r e l axa t ion  and con- 

ductance. Because of t he  high conductances of the so lu t ions  of i n t e r e s t ,  

it w a s  necessary t o  make the  measurements i n  the  microwave region of the  

frequency spectrum t o  s a t i s f a c t o r i l y  separa te  the two f a c t o r s .  The method 

se l ec t ed  was based on t h e  technique described by H a r r i s  and O'Konski 

(Ref. 67 ) which involves  measurement of t he  complex propagation constant  

of t h e  so lu t ion ,  k = k'  + i k", where k' r ep resen t s  the  e f f e c t  of d i s -  

pers ion  and k" r ep resen t s  t he  e f f e c t  of absorpt ion.  Experimental va lues  

of k",  kfgDLp. , w e r e  corrected f o r  conduct iv i ty  e f f e c t s  by sub t r ac t ing  a 

frequency dependent term as suggested b) Hasted, T i t son ,  and C o l l i e  (Ref .68) 
kll = kll 

frequency of measurement ,u .  Because of the  high conduct iv i ty ,  0,  o f  t he  

s o l u t i o n s  t o  be measured, reduct ion of t h i s  co r rec t ion  f a c t o r  t o  obta in  

reasonable  accuracy d i c t a t e s  t h a t  measurements be made a t  microwave f r e -  

quencies.  Some approximate ca l cu la t ions  ind ica ted  t h a t  measurements should 

be made a t  f requencies  higher  than 1 GHz. 

- -  ","O. Note t h a t  t h i s  co r rec t ion  f a c t o r  %decreases  wi th  the  Em. 

Instrumentat ion 

Standard microwave components a r e  genera l ly  ava i l ab le  f o r  8 . 5  GHz (X-band) 

and 25 GHz (K-band), so these  two frequencies  were se lec ted  and a micro- 

wave br idge apparatus  was se t  up a t  bo th  of these  frequencies .  The 8 . 5  
GHz apparatus  i s  shown schematical ly  i n  Fig.  77. The 25 GHz se tup  was 

e s s e n t i a l l y  the  same except f o r  the use of a d i r e c t i o n a l  coupler r a t h e r  

than an E-H t e e  f o r  separa t ion  of the  br idge arms. A co r rec t ion  f o r  

s tanding waves due t o  i n t e r n a l  r e f l e c t i o n s  i n  t h e  s tanding wave de tec to r  

was appl ied a s  descr ibed i n  Ref. 6. A l l  measurements were made a t  room 

teppera tu re .  

2 14 
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Data Reduction 

A s e r i e s  of four  computer programs were w r i t t e n  t o  a s s i s t  w i th  the v a r i -  

ous phases of t he  da ta  reduct ion.  To minimize e r r o r s  i n  da ta  manipulation, 

a procedure was developed which eliminated manual copying of t he  da ta  p r i o r  

t o  input  t o  the  computer. The f i r s t  program converted the  measured stand- 

ing  wave amplitudes and pos i t i ons in to  phase s h i f t  and a t t enua t ion  da ta .  A 

second program was used t o  co r rec t  these  da ta  f o r  t he  e f f e c t s  of t h e  in- 

t e r n a l  waves generated by the s tanding wave de tec to r .  These co r rec t ions  

were p a r t i c u l a r l y  important i n  the 8.5 GHz setup. The r e s u l t i n g  phase 

s h i f t s  and a t t e n u a t i o n s  were then compared wi th  those ca lcu la ted  f o r  an 

a r r a y  of k' and k" va lues  us ing  a t h i r d  program. 

lengths  were used a t  each measurement frequency t o  unambiguously determine 

the  appropr ia te  k '  and k". 

s t a t i c  value of t he  d i e l e c t r i c  cons t an t ,  ko,  w a s  a l s o  programmed f o r  the  

computer. 

t o  reduce the  l a rge  amount of d a t a  required f o r  each measurement. 

A s e r i e s  of l i qu id  c e l l  

The ex t r apo la t ion  (see below) t o  obta in  the  

Use of these  computer programs reduced g r e a t l y  the  t i m e  required 

Ext rapola t ions  t o  obta in  t h e  s t a t i c  d i e l e c t r i c  cons tan ts  were performed 

on the  b a s i s  of a Cole-Cole p l o t  (Ref. 59).  The curves were f i t  t o  t he  

va lues  obtained a t  8.5 and 25 GHz and the  square of the  o p t i c a l  index of 

r e f r a c t i o n  (equivalent  t o  i n f i n i t e  frequency). 

The resul ts  a r e  presented i n  Table 47 along wi th  the  da t a  f o r  each so lu t ion .  

Because a l l  t h r e e  observed da ta  poin ts  a r e  requi red  t o  o b t a i n  the  c i r c u l a r  

curve f i t ,  t h e  e f f e c t  of u n c e r t a i n t i e s  i n  the  da t a  can b F  q u i t e  la rge .  To 

o b t a i n  an i n d i c a t i o n  of t h e  s e n s i t i v i t y  of t h e  ex t r apo la t ,m  t o  data f luc tu -  

a t i o n s ,  t he  computerized curve f i t  w a s  repeated f o r  0 . 2  increments i n  each 

of t he  da t a  points .  The r e s u l t a n t  v a r i a t i o n s  i n  k are included i n  Table 47. 
0 

The Cole-Cole p l o t s  f o r  t h e  a c e t o n i t r i l e  s o l u t i o n s  a r e  shown i n  Fig. 78, 
Agreement between the  ex t rapola ted  value of 39.3 and t h e  l i t e ra ture  value 

of 37.5 is w e l l  w i t h i n  the l i m i t s  of the technique when only t h r e e  da t a  

2 16 
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p o i n t s  a r e  ava i l ab le .  

bo th  lower than f o r  t h e  pure solvent  and a r e  s i g n i f i c a n t l y  d i f f e r e n t .  A l l  

t h r e e  curves have t h e i r  maxima a t  a frequency higher  than 25 GHz, imply- 

ing r e l a t i v e l y  l i t t l e  change (compare wi th  fol lowing d iscuss ion)  i n  t h e  

d i e l e c t r i c  r e l a x a t i o n  process  wi th  add i t ion  of s a l t s  t o  AN. 

The ext rapola ted  va lues  f o r  t he  e l e c t r o l y t e s  a r e  

A similar set  of p l o t s  f o r  DMF s o l u t i o n s  is shown i n  F ig .  79. The agree- 

ment w i th  the  l i t e r a tu re  value f o r  t he  pure s o l v e n t ,  41.9 as compared t o  

37.2 (Ref. I?), is again acceptable .  Addition of LiCl o r  L i C l  + A l C l  t o  

DMF produced a very s m a l l  change i n  t h e  ex t rapola ted  value of t h e  d i e l e c t r i c  

cons t an t ,  bu t  t he  observed s h i f t  of t h e  maximum t o  lower frequency implies 

a slower r e l a x a t i o n  process  i n  these  e l e c t r o l y t e s .  

on t h e  o the r  hand shows no change i n  r e l axa t ion  t i m e  bu t  a d r a s t i c  decrease 

i n  t h e  ex t rapola ted  d i e l e c t r i c  constant.  The above r e s u l t s  a r e  cons i s t en t  

w i th  t h e  ind ica t ions  from conduct iv i ty  d a t a  t h a t  ion-pairing occurs in.LiC1 

e l e c t r o l y t e s  bu t  n o t  (or t o  a much smaller  e x t e n t )  i n  LiC104 e l e c t r o l y t e s .  

T 

A 1 M LiC104 s o l u t i o n  

The da ta  f o r  PC taken a t  8.5 GHz l i e s  w e l l  t o  t he  o r i g i n  s i d e  of the  semi- 

c i r c u l a r  p l o t ,  a s  shown i n  Fig.  80, thus ind ica t ing  t h a t  t he  r e l axa t ion  

process  i n  PC i s  very slow compared t o  AN o r  DMF. This i s  not  su rp r i s ing  

because t h e  NMR r e s u l t s  i n  PC indica ted  t h a t  v i s c o s i t y  e f f e c t s  i n  PC w e r e  

r a t h e r  pronounced; t h e  same e f f e c t s  would be expected t o  hinder  d i e l e c t r i c  

r e l axa t ion .  Because of t h e  slow d i e l e c t r i c  r e l a x a t i o n ,  t he  ex t r apo la t ions  

based on these  d a t a  were found t o  have no s ign i f i cance ,  and meaningful 

values of k could not  be obtained. Extension of t he  measurements t o  lower 

f requencies  would allow an accurate  ex t r apo la t ion  in  the  case of t he  pure 

solvent .  However, because the  conduct ivi ty  co r rec t ion  increases  inverse ly  

wi th  frequency it would become e s s e n t i a l l y  equal  t o  k" 
near  the  midpoint of the  curve i n  t h e  e l e c t r o l y t e s .  This would render such 

measurements u se l e s s .  

0 

a t  a frequency EXP. 

The resul ts  of MF so lu t ions  are shown in  Fig.  81. Good agreement wi th  

the  l i t e ra ture  value of 8.5 (Ref. 14) was  obtained and t h e  unce r t a in ty  i n  

t h e  ex t r apo la t ion  w a s  s m a l l  due t o  the  very f a s t  r e l a x a t i o n  process  i n  the  

2 19 
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Figure 79 .  Cole-Cole P l o t s  f o r  DME' Solutions 
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pure so lvent .  Addition of 1.1 M LiAsF re su l t ed  i n  a much longer re laxa-  

t i o n  time and a l a rge  increase  i n  t h e  ex t rapola ted  value of the d i e l e c t r i c  

constant.  This  increase  i n  d i e l e c t r i c  constant  w i th  add i t ion  of an e lec-  

t r o l y t e  i s  cont ra ry  t o  the  e f f e c t s  observed i n  the o ther  so lvents .  A more 

comprehensive study of these  MF systems, including e f f e c t s  of concentra- 

t i o n  and poss ib le  impur i t i e s ,  would be required t o  f u l l y  i n t e r p r e t  t h i s  

unusual r e s u l t .  A l a rge  unce r t a in ty  i n  t h e  ex t r apo la t ion  again a r i s e s  

from t h e  adverse r e l a t i o n s h i p  of measurement frequency t o  r e l axa t ion  time 

b u t  a more s u i t a b l e  r e l a x a t i o n  time would be pred ic ted  f o r  intermediate  

s a l t  concentrat ions.  

6 
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DISCUSSION OF RESULTS 

ELECTROLYTE SOLUTIONS 

Uni-univa l e n t  E l e c t r o  l s t e  s 

Ions Formed. According t o  s t r u c t u r a l  s t u d i e s  by NMR and indica t ions  from 

phys ica l  p roper ty  determinat ions,  i ons  appeared t o  form a s  expected i n  the 

uni-univalent e l e c t r o l y t e s :  LiClO formed. Li and C104 , LiCl formed Li  4 
and C1-, and TMA-PF formed TMA and PF6 ions.  The tetraalkylammonium 

ion  was found i n  'I'MA-F and TUeF  s o l u t i o n s ,  b u t  t h e  ex is tence  of t h e  

f l u o r i d e  ion  was n o t  v e r i f i e d  i n  such so lu t ions .  It appears  t h a t  L i  and 

BFq o r  PF6 formed i n  s o l u t i o n s  made up by adding BF o r  PF respec t ive ly ,  

t o  a s l u r r y  of LiF; t h i s  was concluded because s to ich iometr ic  amounts of 

l i t h i u m  and boron o r  phosphorous were found. 

A d 6  

+ - + 
- + 

6 

+ 
- - 

3 5' 

The ex is tence  o f  Li  and 
' +  

- 
i o n s  was indicated by NMR measurements of LiAsF /MF so lu t ions .  6 

Solvation. O f  the monovalent i ons ,  only l i th ium appeared t o  so lva te  t o  

a s i g n i f i c a n t  e x t e n t  according t o  conduct ivi ty  s tud ie s .  R e l i a b l e  solva- 

t i o n  numbers could no t  be obtained. For the l i t h ium ion ,  so lva t ion  num- 

bers  between 0.6 and 3 were ca lcu la ted  from sonic  v e l o c i t y  d a t a ,  and from 

ion  mobi l i ty  f i g u r e s  va lues  of 2 t o  3 were obtained. I n d i r e c t  evidence 

f o r  t h e  so lva t ion  of t h e  Li  ion  was a l s o  found by NMR. + 

Ion Pair inq.  Equivalent conductance d a t a  a t  low concentrat ions appeared 

t o  i n d i c a t e  t h a t  ion  p a i r  formation was s i g n i f i c a n t  i n  LiCl/PC and LiCl/DMF 

e l e c t r o l y t e s ;  it seemed t o  be somewhat s t ronge r  i n  PC than i n  DMF. The 

ion  p a i r  formation probably caused t h e  s p e c i f i c  conductance a t  25 C of a 

1 M LiCl/DMF s o l u t i o n  t o  be considerably lower (8 .50  x lo-' ohm-lcm-l) 

than t h a t  of a 1 M LiC104/DMF s o l u t i o n  (2.03 x ohm-lcm-'). 
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I n t e r a c t i o n s  i n  AlC1, Systems 

Solvent  and Chloride Complexes. Strong i n t e r a c t i o n s  were observed when 

A l C l  The h igh  exothermic h e a t  of solu- 
+3 t i o n  i s  i n d i c a t i v e  of s t rong complex formation. 

Al[DMF]6+3, and A1[AN]6+3 were indeed found by NMR s tud ie s ;  a s i m i l a r  com- 

plex,  A1[%O]6+3, i s  known t o  ex i s t  i n  a c i d i c  aqueous solut ion.  

(or r a t h e r  A 1  C 1  ) was dissolved.  3 2 6  
Such complexes, Al[PCIb , 

Chloride ions  from A l C l  o r  from an a d d i t i o n a l  source such a s  L i C l  a l s o  

form aluminum complexes, mainly A 1 C l 4  . I n  t h e  case of PC and AN, t h i s  

complex formation i s  s t ronge r  than the formation of the so lven t  complex; 

and ch lo r ide  i o n s  rep lace  solvent  molecules i n  t h e  coordinat ion sphere 

t o  form A1C14 . 
predominantly e x i s t  a s  A l C l  i n  PC and AN. I n  t h e  case of DMF, t h e  s o l -  

vent  complex, Al[DMF]6+3, i s  more s t a b l e  and f ree  ch lor ide  ions  e x i s t  i n  

a A l C l  /DMF so lu t ion .  

- 3 

- 
Provided s u f f i c i e n t  chlor ide i s  p resen t ,  aluminum w i l l  - 

4 

3 

I n  H i t t o r f  experiments wi th  s o l u t i o n s  containing LiCl and A l C l  

num was indeed found t o  migrate t o  t h e  anode i n  PC and AN, b u t  t o  t h e  

t h e  alumi- 
3 ’  

cathode i n  DMF. 

Complexinp Property of Solvents  

A b r i e f  summary of the spec ie s  found i n  A 1  and Li containing e l e c t r o l y t e s  

i s  shown i n  Table 48 along w i t h  a l i s k i n g  of some so lven t  p rope r t i e s .  To 

a i d  and en large  the intereomparison of so lven t s ,  water  i s  included i n  t h e  

t a b l e .  A s  t h i s  t a b l e  i n d i c a t e s ,  t h e  type of spec ie s  t h a t  i s  formed on 

disso lv ing  A l C l  

t h e  d i e l e c t r i c  constant  o r  t h e  e l e c t r i c  d ipo le  moment. Note t h a t  t h e  

d i e l e c t r i c  cons tan ts  of DMF and AN a r e  v i r t u a l l y  the same, ye t  on d isso lv ing  

A l C l  t h e  species Al{DMl?]6+3 i s  the preferred spec ie s  i n  DMF while A l C l  

i s  the prefer red  spec ie s  i n  AN. Also note t h a t  t h e  d i e l e c t r i c  constant  

of PC i s  much d i f f e r e n t  t h a t  t h a t  of AN, ye t  i n  both  so lven t s  the prefer red  

s p e c i e s  i s  A l C l  

i n  t h e  var ious  s o l v e n t s  does n o t  c o r r e l a t e  w i t h  e i t h e r  
3 

- 
4 3 

- 
4 -  
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The d ipo le  momentsof DMF and AN are d i f f e r e n t ; t h e  d ipole  moment of PC i s  

not  known, bu t  i t  i s  expected t o  be near t h a t  of DMF'. If t h i s  i s  t r u e ,  

again t h e r e  i s  a lack of co r re l a t ion .  

of water  i s  small ,  even less than t h a t  of AN, y e t  water behaves more l i k e  

DMF than AN i n  i n t e r a c t i n g  wi th  aluminum ions.  

Note f u r t h e r  t h a t  the  d ipo le  moment 

BecauFse the spec ie s  A 1  [ ~ o l v e n t J ~ + ~  represent  very c lose  range e f f e c t s ,  

it i s  reasonable t o  t r y  t o  c o r r e l a t e  such spec ies  formation wi th  some 

chemical behavior ( i n  con t r ac t  t o  a phys ica l  o r  bulk property)  of the 

solvent .  

should c o r r e l a t e  w i th  the  a b i l i t y  of t he  so lvent  t o  a c t  a s  an e l ec t ron  

donor. 

and the  low b a s i c i t y  f o r  AN. PC is  l i k e l y  t o  show a low b a s i c i t y  r e l a t i v e  

t o  DMF by v i r t u e  of a r a t h e r  s t rong  tendency of t h e  r i n g  s t r u c t u r e  t o  

withdraw e l e c t r o n s  from the  "carbonyl" oxygen. On t h i s  b a s i s ,  AN and-PC 

should show s i m i l a r  c h a r a c t e r i s t i c s  i n  spec ies  formation, while  DMF could 

be d i f f e r e n t  w i th  PMF having a s t ronger  i n t e r a c t i o n  wi th  A l f 3  than AN o r  

PC. This  i s  i n  accordance wi th  the observed r e s u l t s .  

Because Al+3 i s  a s t rong  Lewis a c i d ,  short-range i n t e r a c t i o n s  

Thus, the  summary c h a r t  i n d i c a t e s  t he  known high b a s i c i t y  f o r  DMF 

Complexing by Perchlora te .  The perchlora te  ion i s  expected t o  be a weaker 

complexing ion than ch lor ide .  B u t  because AN i s  r e l a t i v e l y  weakly so lva t ing ,  

C104 may a l s o  compete wi th  AN i n  the  f i r s t  so lva t ion  sphere of A l f 3 .  Thus, 

the r e s u l t s  obtained when L i C l O  wasadded t o  A l C l  /AN have been t e n t a t i v e l y  

explained on the  b a s i s  t h a t  the  f i r s t  so lva t ion  sphere of the  A ion con- 

t a i n s  both  so lvent  (AN) molecules and C10 

- 

+3 4 3 

- 
ions.  4 

Mixed Complexes. A genera l  conclusion which may be made f o r  A l C l  then ,  

i s  t h a t  i n  s t rong ly  so lva t ing  (h ighly  bas i c )  so lven t s  the prefer red  spec ies  

i s  the  solvated metal  ion.  

s t rong complexing ions ,  such a s  C1-, make the  ,:tamplexed ion A 1 C l 4  

p refer red  species .  However, i n  the  case where the  so lva t ing  c h a r a c t e r i s t i c s  

of the  so lvent  and the  complexing c h a r a c t e r i s t i c s  of the negat ive ion a r e  

comparable, the  f i r s t  so lva t ion  sphere of A l + 3  may contain both solvent  

molecules and complexing ions.  

3' 

I n  weakly so lva t ing  (low b a s i c i t y )  so lvents  - 
the  
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The ex is tence  of such mixed complexes may poss ib ly  be the explanat ion 

f o r  the minimum of t h e  molarconductance observed i n  A l C l  /PC a t  low con- 

cen t r a t ions .  A t  extremely low concentrat ions of A l C l  i n  PC, the solvent  

may compete e f f e c t i v e l y  wi th  t h e  C1- i ons  because of t h e  r e l a t i v e l y  much 

higher  so lven t  concentrat ion than i n  concentrated,  0.1 t o  1 molar, solu- 

t i o n s .  

low A l C l  concentrat ion t o  1/4 Al[PC] +3 + 3/4 A1C14 a t  high concentra- 

t i o n  may occur over species such a s  Al[PC] 

lower o v e r a l l  molar conductance f o r  A l C l  These s o l u t i o n s  were, however, 3’ 
n o t  inves t iga ted  i n  d e t a i l  and these specula t ions  w e r e  no t  confirmed. 

3 
3 

The change from a composition of Al[PC] +3 + 61- a t  extremely 

3 6 
- 6 

C 1  +3-x which could have 6-x x 

S t a b i l i t y  of A l C l  /PC Solut ions.  

A l C l  /PC e l e c t r o l y t e s  i s  a lack of s t a b i l i t y .  

e l e c t r o l y t e s  darken i n  co lo r  and a f t e r  some t i m e  a black t a r - l i k e  substance 

forms. Adding LiCl t o  these e l e c t r o l y t e s  produces some s t a b i l i z a t i o n ,  

b u t  t h e  genera l  f e a t u r e s  s t i l l  e x i s t .  This suggests t h a t  t h e  i n s t a b i l i t y  

i s  due t o  the PC-A1+3 i n t e r a c t i o n  inasmuch a s  t h e  a d d i t i o n  of LiCl decreases  

the concentrat ion of Al[PC] 

of i n t e r a c t i o n  of C1- and so lven t  molecules w i t h  Al+’ can be l o g i c a l l y  

extended t o  conclude t h a t  DMF so lva te s  Al+3  considerably more s t rongly  

than PC. 

l y t e s ,  namely, addi t ion  of DMF t o  t h e  e l e c t r o l y t e  thus  converting the 

A1[PC]6+3 t o  Al[DMF]13. To t e s t  t h i s  hypothesis ,  a s o l u t i o n  of 1 M 
A l C l  

1.25 M A1C13/PC. P r i o r  t o  addi t ion  of DMF t h e  so lu t ion  was dark. With 

the a d d i t i o n  of DMF, the dark co lo r  of t h e  s o l u t i o n  disappeared and t h e  

so lu t ion  became slig)l . t ly yellow. A f t e r  s e v e r a l  months, t h e  s o l u t i o n  has  

remained unchanged t o  v i s u a l  observation. During the same time period 

and under e s s e n t i a l l y  i d e n t i c a l  s torage cond i t ions ,  a LiCl + A l C l  /PC 

so lu t ion  has experienced the v i s u a l  darkening and formation of the black 

t a r - l i k e  substance. Within the l i m i t s  of v i s u a l  observat ion,  the A1C13/ 

PC + DMF e l e c t r o l y t e  i s  s t a b l e .  

One unfortunate  c h a r a c t e r i s t i c  of LiCl + 
A f t e r  prepara t ion ,  t hese  3 

+3 
6 .  The comparison of t h e  r e l a t i v e  s t r e n g t h  

This suggests  a poss ib le  means of s t a b i l i z i n g  A l C l  /PC e l e c t r o -  3 

i n  80-percent PC + 20-percent DMFwas prepared by adding DMF t o  
3 

3 
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Anomalies i n  Methyl Formate E l e c t r o l y t e s  

Some anomalies were observed i n  the  LiAsF6/MF and LiC104/MF e l e c t r o l y t e s .  

The equiva len t  conductance displayed a minimum wi th  decreasing concentra- 

t i o n  a t  about 0.1 t o  0.2 molar ( see  Fig. 71).  The minimum v a l u e s , a t  25 C ,  
were approximately 12 ohm-’equ-‘cm2 f o r  LiASF6 and 2 ohm-’equ -1 cm 2 f o r  

LiC104. 

increased a s  ;compared t o  the  value for the  pure so lven t ,  whereas the  re- 

verse  was found f o r  o ther  so lu t ions .  

Also, t he  d i e l e c t r i c  constant  of a 1 M LiAsF /MF so lu t ion  was 6 

These anomalies have no t  been explained. 

low d i e l e c t r i c  constant  of t he  so lvent .  

be designed t o  conclusively i n t e r p r e t  the  da t a .  

They may be connected wi th  the  

Fur ther  experimental  work should 

COPPER HALIDE SOLUTIONS 

Copper Species  Formed - 

The s t r u c t u r a l  s t u d i e s  by NMR and EPR i n d i c a t e  t h a t ,  i n  gene ra l ,  cupric  

i ons  e x i s t  a s  b lue  so lvent  complexes with t h e  except ion of so lu t ions  con- 

t a i n i n g  apprec iab le  amounts of ch lo r ide  ion. Decis ive evidence could not  

be  obtained i n  a l l  systems, however, because of t h e  low s o l u b i l i t y  of t h e  

copper h a l i d e s  i n  many cases .  

In a H i t t o r f  experiment with 0.1 M CuF2 + 1 M LiC104/DMF, t he  copper 

migrated o v e r a l l  towards t h e  anode. 

however; t h i s  seems t o  i n d i c a t e  the  presence of more than one copper 

spec ie s ,  namely, some p o s i t i v e  o r  n e u t r a l  spec ies  bes ides  a nega t ive ly  

charged one, t h e  l a t t e r  being a perchlora te  complex. 

It  migrated only t o  a small  ex ten t ,  

-2 
Anionic copper complexes, CuC14 

If not enough ch lo r ide  i o n  was present  f o r  a q u a n t i t a t i v e  formation, new 

spec ie s  containing less C 1  appeared t o  form very slowly. D i m e r s  such a s  

,formed i n  t h e  presence of ch lor ide  ions.  
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-2 Cu2C16 o r  Cu2bMF1 C1 were suspected to form in a reaction which 
occurred over a period of months and was accompanied by color changes. 
Possible effects of temperature and light on this process are not known, 
but their study could contribute significantly to the understanding of 

these systems. 

2 4  

The occurrence of negatively charged copper complexes may be of great 

significance during the battery discharge process. 
away from the cathode in the electric field. Reaction with the lithium 

at the anode would result in loss of utilization efficiency, and if den- 
dritic growth would occur, it could lead to an internal short. 

Such species migrate 

Solubility of Copper Halides 

Copper fluoride displayed a low solubility in the pure solvents PC and 
DME'. This solubility was increased if lithium ions were available for 
the precipitation of lithium fluoride. The solubility of CuF2 (whereby 
the fluoride was actually precipitated out of the solution) depended on 
the anion in the electrolyte. In cases where the resulting copper com- 
pound had ample solubility, as, e.g., in CuF2 + LiC104/DMF, the reaction 

CuF2 + 2LiC104 = Cu(C104)2 + 2LiF 

proceededstoichiometrically. 

In the case of cupric chloride, the solubility depends largely on the 
availability of chloride ions. It was found to increase, e.g., from a 
value of 4.9 x molar at 25 C in pure PC to 9.4 x 10 molar in a 

0.7 M LiCl + 1 M AlClJPC, and to 0.54 molar in a LiCl + 1 M AlCl /PC 
solution in the presence of excess LiC1. 
duced as cathodic discharge product of a Li-CuC1 cell, the solubility 

of CuCl will tend to increase during discharge of such a cell. 

-3 

3 
Because chloride ions are pro- 

2 

2 
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Slow equilibration processes which were followed in some instances in 

detail may introduce a time factor into solubility considerations. The 
solubility may be increased by dimerization, for instance. It was 
observed, furthermore, that the dissolution of  CuF2 in a 1 M LiC104/DMF 
solution appeared to be rather slow. On the other hand, unidentified 
copper species were found to precipitate slowly from some propylene car- 
bonate electrolytes leading to lower solubilities than previously found. 

Moles of Solvent Per 
Mole of Solute in 
1 M LiC104 Solution 

1 
11.24 
12.48 

18.43 
15.63~ 

53 7* 

A means to control and tailor solubilities of electroactive materials 
may lie in the use of mixed solvent and mixed solute electrolytes. 

50 lvent 

PC 
DMF 
AN 
m 
H2° 

ACTIVITY EFFECTS IN ELECTROLYTE SOLUTIONS 

Molecular 
Weight 

102.09 

73.10 
41.05 
60.05 
18.02 

Molarity of Solvents 

Solution concentrations are given in yoles per liter throughout this 
report. This may be somewhat deceiving if comparison with aqueous solu- 

tions are made. It has to be kept in mind that these nonaqueous solvents 
have high molecular weights and their solutions have relatively high 

solute-solvent mole ratios. Table 49 lists the molecular weights of 
the solvents, their molarity in the pure state and in 1 molar LiC104 
s o  lu ti ons . 

TABB 49 

SOLVENT CONCENTRATIONS AT 25 C 

Densitr gm/cm , 
1.203 
0.944 
0.777 
0.968 
0.997 

Concentration 
of Solvent, 
mo les/li ter 

11.78 
12.91 

18.93 
16.12 

55.33 

*Density data not available for  LiC104 solution; values were estimated 
from density of 1.1 M LiAsF6/MF', or 1 M LiNO / 0 ,  respectively 3 5  
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Because of the highsolute-solvent mole ratios, activity effects are pro- 
nounced in these nonaqueous solvents. Strong deviations from the ideal 

solution behavior due to solute-solute interactions occur at relatively 
low molar solute concentrations. 

Solution Conductances 

It has been found that ion mobilities at infinite dilution in the solu- 
tions studied were according to conventional predictions. A nearly con- 
stant Walden product was obtained; i.e., the ion mobilities at infinite 
dilution were determined by ion size and viscosity of the solvent only. 

The well-known conductance maxima in aprotic electrolytes at solute con- 

centrations of 1 to 2 molar are therefore due solely to activity effects. 

These maxima occur at low concentrations because relatively high solute- 
solvent mole ratios are already reached at those concentrations. 
has the result that high specific solution conductances are not- obtained. 
It appears that solvents with low molecular weights have better promise 
for relatively high solution conductances. Unfortunately, the selection 
of aprotic solvents with low molecular weights is limited. 

This 

DIELECTRIC CONSTANTS AND SOLUBILITIES 

Because a higher dielectric constant means a decrease in the electro- 
static forces between dissolved ions, it had been often assumed that a 
direct correlation between solubility of salts and dielectric constants 
exists. 

as discussed earlier for AlCl systems. Solute solubilities in DMF were 
generally greater than in PC or AN due to the higher tendency to form 
complexes. 

The present, investigations indicate that other factors override, 

3 
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In the case of MF, it has been demonstrated that highly concentrated 
solutions can be obtained with a solvent having a small dielectric con- 
stant. The physical properties of such solutions displayed some irreg- 

ular behavior which has not been explained, however, and a more detailed 
study of methyl formate solutions seems appropriate. 

TRANSPORT PROPERTIES 

Solubility of Discharge Products 

Lithium fluoride will be the overall discharge product for a Li-CuF2 

cell, lithium chloride in the case of a Li-CuC12 cell. 
solubilities were determined for LiF in the pure solvents as well as in 
some electrolytes. In a cell containing a lithium salt electrolyte, LiF 
will precipitate at a CuF 
blocking of the- active cathode sites and a starvation of the electrolyte 
at the cathode. 

Extremely low 

cathode during discharge. This may cause 8 2 

In the case of Li-CuC12, the LiCl may not precipitate because of the 
higher solubility of LiC1, and also because of copper chloride complex 
ion formation. 

Diffusion Coefficients 

Discharge rate limitations may in some cases be directly related to the 
diffusion coefficient of the electrolyte. In the case of a Li-CUF cell 
with a LiC104 electrolyte, the electrolyte concentration at the cathode 
will essentially become zero at sufficiently high currents because per- 
chlorate ions migrate away and LiF precipitates. 

gradient and the diffusion coefficient in connection with transference 
numbers determine then the diffusion limiting current. 

2 

The concentration 
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The diffusion coefficients of 1 molar solutions appeared to be a func- 
tion of solvent viscosity. Propylene carbonate may be an unfortunate 
choice if high discharge rates are of prime consideration; methyl 

formate electrolytes may be much better in such cases. 

Transference Numbers 

Transference numbers for the lithium ion were consistently low, between 
0.2  and 0.3 .  This was found by Hittorf measurements of l-molar solutions 
as well as by calculations from ion mobilities at infinite dilution. 
Low transference numbers for lithium ions, incidentally, also exist in 
aqueous systems. 

The low transference number of Li+ aggravates possible electrolyte star- 
vation at the cathode. ions, for example, carry a large frac- 
tion of the discharge current, a large amount of Lif has to be supplied 
to the cathode by diffusion and convection. 

- 
A s  C104 

IMPTJRITY EFFECTS 

The effects of the addition of small amounts of water have been studied 
to a limited extent. It was shown that solubilities were generally 
increased for compounds having low solubilities, but they were not 

affected significantly in cases of high solubilities. 

Present results, particularly conductance changes upon addition of-water 
and observations made in chronopotentiometric studies,are consistent 
with a strong preferential solvation of the lithium ion by water in 
propylene carbonate as reported by other investigators (Ref. 70 ). 

No indications that trace amounts of H20 would alter physical property 
measurements of 1 molar electrolyte solutions were noticed. 
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CONCLUSIONS 

Increased knowledge has been gained on nonaqueous aprotic electrolytes. 
Such solutions based on propylene carbonate (PC) , dimethyl formamide (DMF) , 
acetonitrile (AN),  

with the development of high-energy density lithium batteries. 
and methyl formate (MF) were studied in connection 

The following summarizes the main conclusions of  the investigation: 

1. Structural studies by nuclear magnetic resonance (NMR) and con- 

ductance measurements showed that lithium perchlorate, lithium 
chloride, and tetramethylammonium hexafluorophosphate form uniL 
univalent electrolyte solutions analogous to aqueous systems. 

2. Aluminum has a tendency to form solvent complexes, A1[solvent16 +3 . 
Chl_ori.de ions are stronger complexing agents, however, than 
PC or AN, and the ion A1C14 

DMF). 
tive formation of A1C14 , the rest of the aluminum exists as 
the solvated trivalent ion, Al[PC-&+’ or A1[AN]613, respectively. 
This was shown by NMR studies which were complemented by Hittorf 
experiments and other physical property determinations. 

- 
forms in these cases (but not in 

mer; insufficient chloride is present for the quantita- 
- 

3. The Al[PC]6f3 complex appears to cause instability of propylene 
carbonate solutions. Selection of appropriate.aixed sofvent 
or mixed solute systems should eliminate such instabilities. 

4. Structural studies, dielectric constant measurements, and solu- 
bility determinations revealed that solvent complexing ability 

or basicity is generally more important than the dielectric con- 

stant in determining solubilities and the nature o f  the species 

formed in solution. 

5 .  When copper halides dissolve in nonaqueous electrolytes, the 
copper forms various solvent and anion complexes, and has a 
strong tendency to form the CuC14 

present. This was established by structural studies by nuclear 

-2 complex if chloride is 
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magnetic resonance (NMR) and electron paramagnetic resonance 
(EPR) ; such investigations were complemented by Hittorf experi- 

ments and conductance data. 

6 .  Very slow reactions were found to proceed in CuCl /DMF solutions 
over a period of months. 
appear to form very slowly. 

2 
New copper species such as dimers 

7. Solubility determinations confirm the Iow solubility of lithium 

fluoride in pure solvents as well as in electrolytes. Copper 
halide solubilities are determined to a large extent by the 

availability of complexing anions. A solubilization of  CuF 
can occur if lithium fluoride precipitates. 

2 

8. Conductance measurements gave no indication for an extraordinary 

behavior of nonaqueous solutions at low concentrations. At 
high concentrations, activity effects are more pronounced than 

in aqueous electrolytes, and specif ic conductance appears to 
be limited for these reasons. 

9.  An unusual behavior was found for methyl formate solutions in 
conductance and dielectric constant measurements. A minimum of 
the equivalent conductance was found at low concentrations for 
LiClO 
solutions was much greater than the one of the pure solvent, in 

contrast to the results obtained with the other solvents. 

and LiAsF6 solutions, and the dielectric constant of such 4 

10. Measurement of diffusion coefficients and transference numbers 
were made. 
charge limitations due to mass transport, 
ations, methyl formate electrolytes are to be preferred over 
propylene carbonate electrolytes. 

Such properties have to be considered to avoid dis- 
From such consider- 
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